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Abstract

A method to help renewables flourish is mitigating the variability that is inherent in natural re-
sources. To do so, we explore the intricacies of the relationship between airborne wind (AWE)
and solar energy to uncover the possibilities of future energy-generating hybrid power plants
(HPP). Which leads to steering away from fossil fuel reliance, while increasing the dependabil-
ity of renewable technologies.

The resources were investigated at one primary test site, where anomalies and trends were
uncovered. By tracking the solar radiation and wind speed over time, the complementarity of
the two is studied. When the Pearson correlation coefficients are negative, a non-variable
energy generation capacity can be found leading to less intermittency in energy stock. These
results are expanded to evaluate other locations in Europe, identifying the main contributing
factors of a successful hybrid set-up. The case study location was Marseille based on pre-
analysis of solar and wind availability.

Using resource correlation, energy output, and location data, the model developed to as-
sess the location feasibility of HPPs found that most areas are not suited for annual genera-
tion situations, but are more successful on a quarterly basis. The HPP setup would allow the
dependency on fossil fuels and storage options to decrease while having a flexible implemen-
tation option meaning it is a viable option for off-grid / remote locations and urban areas to
help lighten the grid load.

The model created can be further developed into an HPP site map, to help further identify
areas that would benefit from more renewable options without as many drawbacks. Overall,
this research leads to a method for reaching 2050 climate goals by identifying HPP potential
on a variable time basis.
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Introduction

Humanity is in the midst of a massive shift of energy sources from fossil fuels to renewable re-
sources, resulting in a green energy transition. This is due to rising climate fears pushing many
stakeholders to accelerate it. As a society, we need to advance to a more sustainable future in
order to maintain and enhance the viability of enjoyable life on earth. Governments around the
world have pledged to achieve net zero emissions and other climates goals by 2050 to show
their commitment to the energy transition [1]. The political side of energy is the dependencies
governments place on a reliable energy market to satisfy the needs of their constituents while
maintaining certain profitability. To hasten the energy transition, there must be an emphasis
on the fiscal and reliability side of things as well as social acceptance. A successful energy
system should be able to encompass all three targets therein mutually benefiting all persons
involved. An acceptable future for energy generation systems means they will rely mostly on
natural sources that are constantly replenished to meet the growing global energy demand.

Often wind energy generation is only thought of as conventional horizontal axis wind tur-
bines (HAWT) and farms, with a limited path for future innovation, usually restricted to offshore
implementations (i.e, floating wind) and larger capacity turbines. It is known that the higher
the altitude the better access to wind resources due to fewer obstructions. However, there
must be a limit to the stature of these turbines, if not theoretically then they will meet social
resistance [2]. Eventually, a more efficient way of harvesting wind energy will be favourable.
Enter airborne wind energy (AWE), an unconventional form of harnessing wind for generation
capabilities through the means of kites, with many advantages over HAWT.

AWE is still in the prototyping phase but holds exciting potential as a key renewable re-
source system (RES). Miles Loyd, often considered an early pioneer of airborne wind energy,
discovered the key theory to use kites for energy generation. His calculations led to the con-
cept of crosswind flight and rotational movement to harvest energy. By using the surface area
of the kite and its aerodynamic forces, he found that the motion of the kite could be transformed
into power via kinetic energy [3]. Meaning it is doing the same thing as the portion of the blade
on a wind turbine which converts wind into energy, but at a fraction of its size. The two meth-
ods for converting into power are: converting mechanical power into electricity in the air with
generators or belaying a tether to the ground and converting there [4]. For simplicity, they will
be referred to as fly-gen and ground-gen, respectively. Each utilizes different aerodynamic
drag forces to optimize power generation.

Airborne wind energy has the advantage of mobility over HAWT meaning that AWE has



the potential to produce more energy. This flexibility is demonstrated in two ways, the first is
through vertical movement by kite adjustment where the power harvesting technique is used
by optimizing the kite’'s height in accordance with wind availability. The second way is by the
ability to move the kite to different locations allowing rural places to have a greater chance of
accessing renewable energy. By being able to tap into higher heights and steadier/stronger
wind currents the energy generation of kite technology is potentially greater than turbines.A
way to estimate wind power potential can be found using

_ Vip

Py 5

(1.1)
for several wind power technologies. The wind velocity, V,,, is cubed and multiplied by the air
density p then halved. By increasing V,, the power density of the wind, P,, is also increased
and when reaching higher altitudes there is a steadier and stronger wind flow, this is where one
of the advantages of AWE comes into play. Equation 1.1 outputs a highly idealised potential
without the systems losses so it should not be used as the only method in determining potential.
AWE technology is also able to continuously adjust vertically in an effort to find the most optimal
wind to power the kite.

There are two main phases when operating an AWE kite for energy uses, traction, and
retraction, generating and consuming electricity respectively. During traction, the kite is pro-
ducing power by raising the angle of attack away from the wind while allowing the tether to be
pulled taught. The retraction phase (reel-in) is when the angle of attack of the wing is lowered
into the wind therein depowering the wing, this consumes energy until the kite reels back out.
Loyd’s research found

_ 4 2
P = PyALCLG”, (1.2)

to be used specifically for kites. For an optimization for C7, the lift and drag must be found to
complete the above calculation. The ratio 4/27 is the Betz limit, the maximum theoretic limit
for wind and G is the ratio of lift and drag while A represents the surface area [3]. Equation 1.2
is used during the traction phase. The crosswind motion and pumping cycles move in figure
8 loops as it is the most optimal configuration to fly in [5], see Fig 1.1.

/ ‘\\ |
A X ~ 7,
wind vector ) " kite
reel in :

Y P phase
-
=
/ ~
~ tether
@ = @/ P
Reel-out (U"dCll‘OII) phase: Reel-in (rclrucuo.n) phase: ) . 41(1 winch with electric drive
energy generation energy consumption

Figure 1.1: Alternating phases of the pumping cycle and maneuvering [6]

Disregarding the socio-geopolitical hurdles, RES’s biggest enemies are either the tight
timeline for technology to meet 2050 climate goals or the lack of innovative advances [7].
The capacity of renewables is not enough to meet the population’s energy demand when



depending on one source, this is due to the mismatch in energy generation. Most RES are
heavily impacted by the sun, which is not something humans can control or set limitations on.
Though it may seem they are dependable due to the "unlimited” fuel supplied by the sun, there
are still discrepancies. These are mostly due to temporal and spatial variations. The wind is
considered to be anti-correlated with solar where it roughly sees an apex at night and is also
opposite to most energy demand loads [8].

The basics of any energy market are to at least meet the demand at any given time, without
having massive price changes. Some current solutions to the intermittency of generation are
relying on storage, offset with other energies, and forecasting. Forecasting and other mete-
orological observations have helped “predict” the solar and wind resources to varying levels
of accuracy. These solutions have not reached their peak performance in assisting in cover-
ing the mismatch. Storage capabilities and prediction methods are limited due to a lack of
knowledge, innovation, and reliance on the current energy supply.

Hybrid Power Systems
Combine multiple sources to deliver non-intermittent
electric power

- B s =
. PV Modules
".\‘_.- ~ ey

Generator
ACor _ Load
Regulation and DC
converion
Wind _ T
turbine / = e e L] ]:l |

Battery bank
02979301m

Figure 1.2: Hybrid power system (solar-wind) [9]

Hybrid power is the combining of multiple several types of technology to strengthen the
overall output. While stand-alone systems (SAS) are typically off-grid power systems relying
on one energy generation technology and supply. Hybrids can be done in several ways in-
cluding using storage, generators, and other renewable energies. There are already several
hybrid options in use the oldest was implemented in the late 1970s in Nova Scotia, a hydro
wind system [10]. Other examples are wind-hydrogen, wind-diesel, and newer technology in
the form of floating solar arrays.

Therefore, the listed issues motivate this research to discover the potential hybridization
between natural sources. Solar and higher wind were selected due to their natural anti-
correlation, to analyze an emerging technology with a higher possible potential than turbines,
and flexibility [11]. Hybrid renewable power plants (HPP) would be a great solution for the
future of energy generation and management if they prove reliable with a steady output. In



this case, the combination of solar and airborne wind energy will be the base resources for
the hybrid power plant configuration.

This research aims to evaluate the feasibility of hybrid renewable power plants using air-
borne wind energy and solar from the resource perspective. If such locations can be identified
on a geographic scale from historical data trends, it can pave the way for a reliable sustainable
future energy network provided by RES.

This research is relevant to many different areas around the world, the test sites will how-
ever be based in Europe, as the comparisons will have fewer external environmental factors
influencing results due to geographic proximity. Using MATLAB and Python to model an HPP
leads to different potential scenarios that can be evaluated. First, a resource analysis must
be done which is tied to the location of a site using the solar and wind data available. The
correlation between each is weighed and evaluated. This is followed by an energy analysis
where the technology will weigh in on the results. Using a unique location as a case study will
lead to the possibility of multiple locations being evaluated at once, allowing for to the creation
of the framework for a Hybrid Potential location tool.

The structure of this research is as follows and formulated to use the best research meth-
ods, answer the objective, and meet all minimum requirements. The report will be divided by
how the project was completed in the above order. Chapter 2 will discuss the outcomes of the
literature review focusing on the background information needed. Chapter 3 will present the
methods to answer the research question(s) and the model development. 4, will contain the
framework developed for the tool and the results of previous chapters, respectively. Finally,
Chapter 5 will summarize the relevant conclusions and future recommendations found through
the outcome of the research.



Problem Analysis

The purpose of this chapter is to provide more context on what research exists and what is
needed to evaluate the potential generation of HPPs. It will also outline prior challenges and
solutions considered. This portion will reflect the knowledge accumulated during the literature
review and what led to the research questions selected.

Section 2.1 covers the extensive research in resource assessments between wind and solar,
what data is used and HPP evaluation tools that already exist. The unanswered research
questions that have arisen will be found in Section 2.2. Finally, Section 2.3 will outline the
methodology used to answer the questions.

2.1. Literature Review

This first section will be the knowledge acquired during the literature review. The largest com-
ponents of evaluating sites for good HPP potential are the resource assessment of AWE-Solar,
hybrid power plant structure needs, and the current tools available for HPP analysis.

2.1.1. Resource Assessment

There have been many studies done on the assessment of different resources for a variety
of means. Both solar and wind have variability, are unpredictable, and are difficult to forecast.
This is not always true, solar energy can be 100% accurately forecasted, but only at night.
This aside another reason for these studies is to alleviate the mismatch between the two most
widely used RES. Sometimes these studies are done on a single resource but will be applied
in separate ways such as onshore vs offshore wind generation. One of the most common
factors in these studies is the importance of surrounding environments and timescales.

2.1.2. Airborne Wind Energy

Wind will be the primary resource and will be more of the focus, as there is little research
concerning airborne wind energy. Wind farms on average have a higher capacity than solar
farms. They are able to be installed on land and offshore while solar has a slower start to
offshore capacity. Society tends to lean more towards the production of energy offshore as it
is usually notin the vicinity of their everyday life. However onshore wind generation is still quite
common and has the potential to grow. On the opposing side, many people do not appreciate
the environmental impacts that large-scale wind turbine installations cause. This includes the
disruption to the ecosystem primarily avian life is affected [12].

5



2.1. Literature Review 6

Energy Estimation

Usually, when a resource assessment is done for wind turbines, the wind power density equa-
tion (1.1), fulfils the first estimation for power potential. In order to evaluate the feasibility of
hybrids specifically through the use of AWES, this process must go a bit further and should be
checked with an outside source. As airborne wind energy is still a recent innovation and there
are not many kites commercially available. The methods and calculations to produce energy
still vary. The main challenges are the ability to adjust the optimal power harvesting height of
the machines and the path they take.

With the limited computation sources, the method for finding the energy potential will be
done similarly to how a wind turbine is evaluated. The power curve from the Kite technology is
used. However the curve covers a large vertical distance, therefore several assumptions will
be used to simplify the calculations. The power will be determined using five separate heights,
each height will represent the vertical midpoint for the kite flying range [13]. In reality, the kite
will choose the most optimal height to fly at depending on the wind speed and what stage it
is at in the pumping cycle. If the model’'s calculations considered the best wind speed then
it is more than likely the kite would always fly at the highest altitude, however, this is not the
actual case as the kite will have to be reeled in and out. A simulation covering the traction and
detraction case would be a whole different project. The calculations will also not include take-
off and landing times and will assume the kite is continuously flying if it meets the minimum
cut-in speed. The kite’s efficiencies are already factored into the power curve.

Prior Research Higher Wind

The difference in this research is the focus on airborne wind energy which derives its primary
"fuel” from higher-altitude winds. There have been several wind assessments to find out if
there are more favourable conditions with regard to HAWT. However higher altitudes do not
necessarily mean better output. According to a study done "the strongest winds are not nec-
essarily always at the highest altitudes and therefore the best performance for high altitude
technologies can be obtained by raising or lowering the kites to the height where the maxi-
mum potential exists” [14]. This can be thought of as adjusting the power harvesting device
vertically and horizontally. Another reason wind data is more difficult to corroborate is wind
speed profiles. Wind velocity cannot be evaluated at exactly one area in space as it is not
uniform. Referring back to the method which AWE technologies use to generate electricity
shows that a lot of the emphasis is related to the wind power density equation 1.1 which de-
rives its primary focus on the wind velocity however the air density p also varies and changes
with respect to altitude. Another disruption to these calculations is the obstacles found on the
surface. One must find the potential height and pressure and then the energy potential can
be calculated. However, the pressure equation is a logarithmic function which is where these
velocity profiles originate. Therefore, the wind calculations are not varying in a linear way and
through this logarithmic path the curve smooths.

Several studies were conducted to evaluate the difference in potential energy production
from altitudes used by wind turbines and those used by AWE technology. While many studies
have varied in the actual number of possible watts of energy that can be produced, they are all
safely above the energy from HAWT. One of the most recent articles mentions the comparisons
in potential done by different groups as well as their own evaluation. The analysis was done on
ERADS5 hourly data sets throughout Europe over a 7-year period, focused on an altitude range
that would act as a max ceiling the kites can reach and a floor above the average hub height
of a wind turbine. Overall AWE scored higher in terms of a stable and stronger resource than
the heights for HAWT. The energy potential was found to be 40 W/m? for the period of time
that the minimum technology requirements were met [15].
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2.1.3. Solar Energy

Solar energy in the form of PV panels allows for flexible and relatively smaller-scale energy
system installation and is attractive as it relies on an infinite amount of fuel. Solar potential
varies by location and generally peaks shortly after 12:00 on a given day. There are also many
innovative ideas in the field such as transparent solar cells, flexible panels, and solar tracking.
Assessments of solar and wind resource are also done with the intent to help reduce storage
capacities. If solar and wind are complimentary enough that and can create a stable base
load of energy generation then there is less need for storage to mitigate the variations with
respect to time and demand. When the resources are studied together, they are evaluated
using historical data of hourly, daily, monthly, seasonal, and yearly time steps. The two are
usually most complimentary on a smaller temporal resolution due to the diurnal cycle of solar
radiation, but the relationship declines with time [16].

Solar energy is evaluated in many ways with several parameters and refining the raw data
has more limitations. Solar PV derives energy from solar irradiance and its conversion relies
on the cloud coverage, reflection, and geometry of the angles striking the PV panels. This
is often referred to as indirect, direct, and global irradiance which can be further quantified
as horizontal or vertical. Solar data is also usually evaluated at the surface of the ground as
it takes into consideration all the losses up until that point (e.g., reflection and transmission
through the atmosphere).

The conversion from solar irradiance to solar energy through PV panels is called the photo-
voltaic effect. Incoming solar radiation strikes the boundary layer of semiconductor materials,
and an electric current can be generated. The insolation is composed of photons, which are
the units of energy stored in light. A PV cell is made from semiconductor materials with a p-n
junction.

Once it hits the PV cell, some of the photon energy is absorbed. This results in the pro-
duction of an electron-hole pair. The pair is called charge carriers. If an external circuit is
formed, the voltage difference drives the electrons from the n-side to the p-side of the junction
and is collected at the terminals. The electrons flow through the circuit generating an electric
potential and are finally recombined with the holes. An example of the photovoltaic effect can
be seen in figure 2.1.

Sunlight

lNegati\.re electrode |
External

: o
n type semiconductor load
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PV device Positive electorde
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Electricity flow

Figure 2.1: Solar cell example - Recombination [17]

Research in the solar energy sector is mostly focused on the efficiency of cells, accessibility,
and reducing costs. The current issue that pertains to this research is the power efficiency,
which varies with temperature, material composition, and the irradiance that actually hits the
cells.
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Normally solar panels are evaluated at standard test conditions (STC) which is a temper-
ature of 298.15 K, the amount of irradiance on the panel is 1000 W/m?, and a sea level air
mass of 1.5. As the temperature rises the cell’s efficiency decreases and the opposite is true
for colder temperatures. As the irradiance is almost never equal to exactly that of STC and so
the efficiency fluctuates with respect to the amount of irradiance hitting the cell.

Despite these differences, solar radiation data is more fine-tuned than wind data. Once
the data is modelled, analysed, and calculated though, depending on the technology outputs
a capacity factor that can be directed with regards to the area. Generally, the farther from the
equator in the latitudinal direction, solar irradiance becomes less abundant.

2.1.4. Hybrid Power Plants

Hybrid power plants are a fairly new practice and as such has not been defined by an industry
standard yet. The current most used taxonomy for the classifications of hybrids was proposed
by NREL and is either locationally or operationally linked [18]. The three types of hybrids and
their benefits are shown in figure 2.2.

Category Locational Operational Dominant Anticipated Benefits and Approaches
Linkage Linkage

Co-Located Yes No Decreased costs through shared balance-of-system

Resources costs and interconnection

Virtual Power No Yes Increased operational value through coordinated

Plants control of optimally sited technologies

Full Hybrids  Yes Yes Enhanced net economic benefits through co-

optimization of constituent technologies, often

involving shared components

Figure 2.2: Hybrid classifications [18]

The HPP configurations can be seen in figure 1.2 and how they are linked to each other,
the grid, and operated. A goal of this research is to be able to reach full hybrid status as it is
the optimized configuration for economic, energy, and capacity viability.

v v
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Technology 1 Technology 2 Technology 1 Technology2  Technology1 —— Q Technology 2

\ /N /N T/
N/ N\ / N/

AC Bus ACBuses

g e F e 5 5 e

(a) Co-located resources HPP links (b) Virtual power plant links (c) Full hybrid plant configuration links

AC Bus

Figure 2.3: Hybrid plants further classification and configurations [18]

Co-located resource configuration is similar to having two SAS but lacks a connection
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between them, which would allow for separate entities to own a portion of the plant. This
would lead to a loss of efficiency when tracking the complementarity of the shared resources
as neither plant would be able to communicate with the other.

VPP’s benefit by allowing each technology to operate from optimized locations and are
able to send and receive messages from the other. However, the benefits are more from an
energy market standpoint and allow for the owner of the plants to reap more benefits with
higher negotiating power. Another downside would be fewer cost savings opportunities from
operations and maintenance due to distance.

Full hybrid systems share partial benefits from the two previous configurations. Having
a centralized operation that also communicates allows for more storage to be integrated, op-
timized, and efficiently operated. The best-case storage situation is when excess energy is
generated and can be used to cover the times when the technologies are operating at a lower
capacity or when the correlation drops.

The first step in reaching a full hybrid configuration is through resource assessments for
both wind and solar potential to evaluate the mismatch and the correlation of each. The goal
of the review in assessments done was to find if there were any that had already answered
the question and if not where to start.

In Poland, a study was done on resource compliments and droughts for wind and solar
[19]. The data inputted was from the ECMWF hourly at single levels with resolution (0.25° x
0.25°). The wind speed was measured at 100 m above ground level and the solar irradiation
used was the horizontal surface irradiation. The solar data was available in terms of shortwave
radiation for reaching the surface this was the most the study needed so no further refinement
was added. The wind data was translated into the wind power density with no additional steps
and a standard value of the air density was used. The swept area from the blades of a wind
turbine was also used. The study modelled the results in a spherical grid with the energy
demand, generation potential from each resource, and overall correlation.

Figure 2.4 represents four different scenarios in which two renewable energy power plants
(red and green lines) exhibit different complementarity. The orange line represents the joint
energy generation from the two energy sources (red and green together), whereas the black
line indicates a theoretical constant load/demand. If the orange line is above, it indicates an
energy generation surplus, and when it is below, energy demand is greater than supply, and
energy deficits occur. Each of the lines is generated from idealized sine functions and shows
the amount over time, which is why the spherical grid represents the overall time period where
the evaluation is done.
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Figure 2.4: Instantaneous complementary energy source situations in Poland [19]

p represents the correlation coefficient between the two sources. The upper left case in
figure 2.4 shows a case of exact correlated behaviour, which could be two different PV arrays
set up in the same location. This means that even if more of the same technology was installed
the energy availability would not change over time as they follow the same pattern. The top
right and bottom left cases show two different RES as can be seen by the demand (black) and
the amount generated (orange), there will be periods where excess energy is generated while
other times the demand will not be met. The final case is the most ideal for hybrid justification.
If the two sources are perfectly complementary then the demand over time will always be met,
the amount of power generated is not a primary factor as more units can be installed to reach
a safe install capacity.

These cases are idealized meaning that the energy potential is distributed evenly over the
run time of the experiment. In order to keep this assumption accurate an energy storage sys-
tem must be integrated into the array of PV panels and wind turbines. The energy system
is generalized to a PV farm and wind turbine installation without decreasing the capacities
of each based on the limitations of a specific technology. Only the best and worst-case in-
stantaneous scenarios were evaluated. This limited scope does not take into consideration
the many temporal and spatial challenges. One of the studies’ conclusions found resource
droughts were more frequent in areas that were characterized by strong wind potential [19].
ERAS5 was used as it provided a more accurate insight in comparison to Merra-2. The histor-
ical data provided upward trends for solar potential and downward trends for wind (but only
in the centre of the country). Overall, the resources were complimentary on an inter-annual
scale [19].

Another resource assessment case explored the energy resource complimentary over Eu-
rope [20]. A continental view of wind and solar potential was evaluated. The wind data used
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had the same parameters as the previous case and was evaluated between 70-110 m. A Ves-
tas wind turbine was used, and the annual energy potential (AEP) was calculated based on its
capacities. The same solar data was considered but the study used satellite-based data, as
the reanalysis data had more clear sky days than were actually observed. The wind potential
had variation when evaluated seasonally (quarterly per year). The solar data derived from
the Satellite Application Facility on Climate Monitoring (CMSAF), peaked in terms of a capac-
ity factor in June and July. The overall AEP was not the only factor considered but also the
change in the monthly variation, to determine the storage needed. The results determined that
the maximum wind potential was offshore in the northern regions. Solar energy faces many
changes in both the latitudinal and longitudinal directions. The overall complementarity on the
annual scale was observed due to each being out of phase with the other. On the smaller time
scales the correlation values peaked in summer.

The final resource assessment was done in Texas which is based on an area similar to the
area of Poland, the grid is also more separated from other states [21]. This case was different
as it analysed the output and potential from locations around Texas that already had existing
wind and solar farms. These sites were also separated into coastal and non-coastal categories
as there was a large difference that can be seen in the diurnal and seasonal patterns. The
solar data was acquired from the NSRDB from NREL which is a satellite data-driven model
outputting the GHI from half-hour increments. The Wind data was derived from the NREL’s
WIND toolkit. The height considered was 100 m in a 2 km x 2 km resolution and the data
was generated power production every 5 minutes. The study wanted results that could be
relied on so the metrics for reliability were considered to be able to produce power for nearby
demand 87.5% of production hours, which is the same metric a coal power plant runs at. The
other metric was to factor in the peak power demand hours. Like similar studies, it relied
on the Pearson correlation coefficient to evaluate each site. The study further resulted in
complementarity between the two being weaker for coastal sites and stronger for onshore wind
production. The results also depended on older technology that had already been installed
and the historical demand in nearby areas [21].

2.1.5. Data and Tools for Resource Analysis

There are several different means to measure climate parameters globally. They use a mix
of measured, interpolated, forecasted, and simulated means. Measured data is as it seems,
directly taking incremental records of specific parameters. The increments can vary temporally
or spatially. Interpolated data is based on measured data and uses some correlation factors
to further improve spectral data. Models are based on all measured data, simulations (usually
historically based), and interpolation with a limit based on the laws of physics. Real-time data
is the only way to stay current with measurements, however, like all measured data, it is limited.

Both wind and solar fall under the climate and atmospheric umbrella, meaning they de-
rive most of their data from meteorological means. There are several industries dedicated to
monitoring and forecasting atmospheric parameters, as such, there is a lot of data that must
be purchased before being able to analyse and calculate the end terms. This thesis topic is
currently not funded by the university or any affiliated companies, and all the data used must
be openly accessible. Therefore, there are more limitations placed on what type of data we
need to acquire in order to perform an analysis. The most favoured in the scientific energy
community is ERA5 data, other common data types are collected from Lidar, met mast, DOWA,
NOAA, and many more.
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Atmospheric data sources

Many resource studies use data from one the largest meteorological data-sharing organiza-
tions called the European Centre for Medium-Range Weather Forecasts (ECMRWF) [22].
Most European nations actively contribute their local measurement devices to this massive
online database, which also acts as a research institute. It claims to be collecting this data
(historically) to create more accurate forecasting and predictions. It has data that is both openly
accessible and available for purchase. The data they primarily supply is called ERA5, a me-
teorological data set using a collection of atmospheric parameters, which monitor the climate
changes on earth. It uses a method called reanalysis, which combines model data and the
laws of physics to assimilate forecasts and then looped to change the forecast when the time
has passed to the accurate situation [23]. This continuous analysis acts as a correlation factor
to increase the accuracy of projected forecasts. The archived data can date as far back as
the 1950s and up to a 3-month lag.

The Lidar system can measure wind from a distance using light from a laser, similar to
that of the detection system which works on the principle of radar. As with all measurement
devices, the accuracy can also vary and the distance(time) it can measure is also limited.
Lidar is a preferred method for HAWT as it can measure the wind speed before it reaches
the turbine blades, which allows for control optimization. It is almost like an early warning
detection system. The extent of the laser correlates to the amount of time the system has to
calculate changes [24]. When compared to MERRA-2 (another popular reanalysis set), ERA5
was more accurate on all fronts with regard to wind energy [25].

Energy Tools & Evaluation

Modelling and forecasting natural resources is not a new concept, there are many means built
with wind and solar potential in mind. These focus on the energy that could be potentially
produced for two standard technology. Agencies such as NREL create open-source tools that
allow all researchers access to data to use for their own means [26]. Agencies are also em-
ployed and have created pay-for software that maps the possibilities as well. Meteorological
data varies and with that, the accuracy of the downstream processes is affected sometimes
in a snowball way. Most hybrid system software can be split into these categories; technical,
economic, design and simulation, and feasibility.

Often the tools and software output results are location-based with an API displaying an
atlas. The Global Wind Atlas (GWA) is a free open-source web-based application [27]. It
focuses on identifying areas with high-wind velocities that have the potential for wind power
generation globally. Figure 2.5 displays a screenshot from the GWA.
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Figure 2.5: Global Wind Atlas [27]

The details of this application are based on 10 years of mesoscale time-series model sim-
ulations with ERAS reanalysis data. The newest version has improved the atmospheric data
by optimizing elevation and land cover data in the micro-scale modelling. It also now includes
data up to 200 km from all shorelines and has heights of 10, 50, 100, 150 and 200 m and
outputs data on spatial, temporal and energy basis.

The GWA has a solar twin, shown in figure 2.6 with a display of solar geographic information
systems (GIS), it has the input option of using raw data; global horizontal (GHI), direct normal
(DNI), direct horizontal (DHI), global tilted (GTI) irradiance as well as the specific photovoltaic
power output. There are many customization options for the size and use of a system to
estimate solar-generated electricity potentials based on solar radiation.
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Figure 2.6: Solar GIS [28]

Solargis a global solar data and related solar energy assessment services provider [28].
The tool uses sources from the ECMWF ERAS5 data, Climate Forecast System (CFSv2), satel-
lites, and several other meteorological sources. It uses its own set of algorithms to compute
the energy output and other data sets needed. There are few unpaid open-source software
for hybrid systems and most require a special education membership or are limited by a trial
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period.

Software and tools created by agencies from the industry are usually not readily open-
source available. The centre for Energy and Environment from NITH in India analysed 17
different hybrid software and toolkits [29], however since then all the free options have been
converted into paid or academic options. These tools also mostly focus on sizing and cost
analysis for actual hybrid systems. The most well-known one is called Homer, created by
NREL its objective is to minimize the net present cost, shown in figure 2.7. Each software
has its own limitations such as a small library of technologies, limited source data, and future
projections. Of the 17 options only RETScreen outputs energy resource maps and the data
affiliated with them.
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Figure 2.7: HOMER interface [30]

These specialized tools are marketed for the accuracy of specific technologies for RES and
not necessarily the resource assessment. They help plan the sizing and design of a hybrid
system and place strong importance on the levelized cost of electricity (LCOE), and electricity
markets. Tools with industrial backing usually have more validation and can provide a higher
degree of accuracy than open-source models.

2.1.6. Literature Review Summary

The challenges that this topic faces are limited knowledge, application, and data configuration.
As AWE is a newer technology there have not been a lot of studies regarding its capabili-
ties, much less in combination with other resources, it can also be considered to be in the
prototyping/testing phase.

Overall, there have been many studies done on resource assessment with wind and solar.
Several of these were done with a stand-alone system assumption and idealized wind values.
The wind power density equation was the most used and then statistical analysis and technical
specifications was added. All of the evaluations considered wind sites and heights for HAWT
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with a max height of 200 m. These studies also focused on the wind aspect a bit more than the
solar aspect. Most solar situations converted the raw data, usually in the form of GHI or net
surface irradiation into a PV configuration of their choosing. The AWE resource assessment
scored wind resources at higher altitudes as more reliable and stronger than the potential at
lower heights. The resource correlation for several different areas was more stable during the
summer (varied less) and potential with integrated storage systems lead to a conclusion of
reliable base-load possibility. The trends for wind changed along the latitudinal direction while
solar varied in both directions, the overall variability was remarkably less than the wind.

There was a clear trend with the use of ERA5 data for the wind analysis portion and each
study referenced the reliability and accuracy over other counterparts [31]. The solar data was
derived either from ERA5 or was satellite driven inputted into personal models. However,
those studies were done before the CDS’s newest generation of ERA5 reanalysis data. The
atmospheric consideration and parameters that the ECMWF provides take into consideration
enough to satisfy the historical approximations to actualities.

Finally, most tools available for resource analysis are stand-alone. Meaning the focus on
the accuracy of one resource and forgoing the relationship with another. These tools provide
a great base for wind turbine site selection and PV potential.

2.2. Research Gap and Questions

The above section summarizes the literature review and what has already been done. How-
ever, there is a research gap when analysing the feasibility of AWE-Solar hybrid potential. The
majority of the solar wind assessments and tools only consider HAWT technology, hitting a
glass ceiling of 200 m in height. By not considering higher heights the correlation between
wind and solar is limited. Also, most hybrid energy potential cases are geographically limited
to Europe and the US, which leads to missing spaces at the equator and the south half of the
world. Currently, an atlas that considers the energy potential of higher-altitude wind and solar
does not exist. The tools that do exist often allow for downloadable maps for short instances
and limited areas. However, most of the raw data is taken from the same place and the vali-
dation for higher accuracy between the wind and solar relationship is not a priority. To bridge
this gap in the development of a tool that can search for areas of high resource correlation
the data must be validated by a second data type and then compared. If the difference in the
comparison is small, then the resources are synchronous.

The research questions were formulated after the literature review uncovered the current re-
search and what gaps there remain.

What factors affect PV-AWE hybrid power plants and to what extent do they influence
determining a feasible location?

The sub-questions narrow down the factors and focus on three areas.

1. How does the relationship between solar irradiance and wind speed affect hybrid site
locations?

2. What is the difference in energy generation of AWE systems as opposed to other wind
technologies, if it exists?

3. How does geography affect the correlation of each technology?
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2.3. Methodology

The steps needed to answer this question are described by following the methodology. The
first few encompass creating a model of an HPP locator in MATLAB and outputting different
scenarios for an optimized energy-to-resource balance.

» Develop an (anti)correlation model of the wind and solar resource potential to confirm
resource variability at the location

» Develop energy generation model of airborne wind and solar potential at a location to
quantify variability

» Develop a scale to evaluate the hybrid locations based on variability and output

» Evaluate different scenarios based on the results of the model to support different hybrid
plant configurations

* Compare AEP model results from a case study with AWERA [32] AEP for the same site
to confirm the models’ assumptions

* Form a framework for the basis of a tool to evaluate and identify hybrid power plants
sites based on resources available

A case study for a single model location will then be inputted and its results measured
against a finer-tuned tool to validate the model and data used. These uncertainties must fall
within a reasonable range to justify using the model for other situations. Once this is done
then the model will be expanded to be able to evaluate HPP potential using both temporal and
spatial adjustments. This could lead to the first step in the framework for creating an HPP site
resource evaluator tool.

As this research has the potential to be relevant globally, the model will run about 3-5
locations in Europe, with very different geographic environments to create a proof of concept
for the framework of an evaluation tool. Chapter 3 will be a deep dive into the development of
the model with the inputs along with the outputs and the scenarios they would be categorized
under. Chapter 4 will go through a step-by-step calculation of the case study for the test
location in Marseilles, and a comparison to other locations. The results and recommendations
will be covered in Chapter 5.



Model and Tool Development

This chapter explains the development of the model and tool framework when searching for a
suitable HPP site. This will lead to the results for the location used as the base scenario and
other sites for comparison. The overview can be found in Section 3.1, followed by Section 3.2,
where the assessment of the wind and solar potential is found. Once the relationship between
resources is uncovered, Section 3.3 calculates the potential energy of each technology based
on a control case. Finally, the results will be sorted and a scenario will be ascribed to each
hybrid configuration possible in Section 3.4.

3.1. Overview of Hybrid Location Model

This section is meant to give a brief glimpse at the final picture in order to cohesively follow
the steps that went into building the model. The outcome is based on the input data running
through various calculations and statistical analysis. The flowchart indicates each step in mod-
elling the resource and energy assessment. An explanation of the methods for collecting the
data sets and calculating the correlation with each resource follows. These sections provide
the technical background details of the data. Figure 3.1 shows the input data and the desired
output data needed for the model. This leads to the calculation of the correlation coefficients,
which is the key takeaway informing how well the hybrid performs.

The first half of the flowchart calculated how well the wind speed and solar irradiance com-
plement each other using the Pearson correlation coefficients to signify the strength. These
sets are then analyzed in various time scales to see if there is an optimized running time for
each resource and whether or not they are viable to run continuously. The results are sorted
based on a correlation scale and by percentiles. This is further managed in Section 3.2 the
resource assessment.

The second part of the model in Section 3.3 explores the energy potential of the location,
and whether the results of the resource assessment meet the minimum requirements for a
viable location. Using the specifications of the PV technology and AWE capacity along with
a control number for each, the resources are looped over the length of time and energy is
found. The relationship and correlation are calculated using the same method as the resource
portion. This time the scenarios are updated and an energy requirement is added. The rest
of this section deals with the set-up of the input variables in the model.
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Overview of Hybrid Location Model

3.1.

Wind Data

Solar Data

Correlation
Calculations

Pearson
Correlation
Coefficients

Correlation _
Scale

3

Statisitical

Analysis of

Correlation
Coefficients

-1< x <1 _

In this case more than 50% of
the daily |[PCC| is equal to
0.3é meaning it passes on to

the next step in the analysis.

Location Data

Energy

._

Correlation
Calculations

F Y

Energy
Calculations

ENERGY GENERATED

._

Statisitical
Analysis of
Correlation

Coefficients

Evaluation Scale
for Potential

At least 40% correlation
coefficient are greater than -0.4.

-\

Statisitical Scnarios

Analysis of
Energy

40% OF CC = 0.40

At least 1technology is generatiing
60% Of 600MWh /[yr.

\ J

i !

At least 40% correlation
coefficient are less than -0.4.

40% OF CC < -0.40

At least 1 technology is generatiing
60% Of 600MWh [yr.

\ r,

{ '
|Correlation Coefficients are| .4 at
other times.

40% OF |CCl = 0.40

Combined AEP of both is at least
600MWh/[yr.

Figure 3.1: Model overview

3.1.1. Data configuration

Both solar irradiation and wind resource follow different natural laws, changing with respect to

time, geographic location, altitude,

and many other variables. The input data was an ERA5

format available from the online CDS created by the ECMWF. As previously found ERAS5 is a
leader in the field of atmospheric data where the reanalysis closes the gap in modelling versus

real case scenarios.
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Using ERA5 for both allows for less disruption between the measurements due to the
equipment used and the forecast modelling. The CDS specializes in atmospheric and plane-
tary measurements, computations, and predictions. It uses past, present, and future modelling
to develop the closest accurate understanding of the climate one can get. While there are sites
available for specialized data in either wind or solar, this ERA5 format is also commonly used
for open-source applications, which is beneficial in the creation of an open-source library for
hybrid predictions.

The database covers a large number of atmospheric, land and oceanic climate variables
usually starting on the hourly level. The data covers the Earth on a 30 km grid and the atmo-
spheric coverage is varied along 137 barometric altitude levels from the surface up to a height
of 80 km [33]. It also includes uncertainties for all variables at reduced spatial and temporal
resolutions. Therefore, all of the data is shaped locally from the surface level elevation and
reflects up to the highest height. ERAS files can be downloaded from the CDS after inputting
a few starting parameters. Those inputs are based on time, location, and specific climate
parameters based on the surface or atmospheric levels. They are usually multidimensional
arrays using longitude, latitude, levels, and time as its indexed arrays.

The files are downloaded into either GRIB or NetCDF (from GRIB) files. For directly down-
loading from the online CDS then any system can request and queue online, which is known
as fast access. However, specific requests are not available through the online store and must
be requested through a Mac or Linux environment using login credit and executing python re-
quest files. The slow access allows for model-level parameters to be downloaded, allowing
for multiple heights to be requested. The resource potential does not require as many specific
technical and operational parameters as the energy technology needs. These files are then
loaded into MATLAB for continuation. There were a few service disruptions, which delayed
the research due to the physical relocation of the data centre in Italy.

Time

For the selected climate variables, one of the three main variables used was time. The tempo-
ral coverage is archived from 1979 to the present day using hourly resolution from 1979 to the
present. An underlying 10-member ensemble samples an uncertainty estimate at three-hourly
intervals. The selected time period for the analysis was from 2017-2021, using an hourly reso-
lution. During the five-year period, the constraint was set to allow for enough data to evaluate
the resources in order to discover the regular patterns as well as discern any anomalies that
could happen. Due to the limitations of computational resources, it was also the maximum
amount of data that could be used. A smaller temporal resolution (e.g. seconds or minutes)
would also lead to an increase in computational time and space with little excess impact on
final results therefore was not considered. For wind and solar, it is common to use hourly or
above when evaluating years at a time. Smaller resolution is used more for fine-tuning specific
applications.

All the temporal data started at the base hourly resolution, and then situations for the time
periods (daily, monthly, seasonal, and yearly) were extrapolated through either summation or
averaging of hourly values. This displays the variability of the resources over short and longer
periods of time, which will influence the HPP’s ability to produce energy. It is unlikely that
the natural complementarity of the resources is strong enough to maintain a balanced energy
generation, without the use of storage (for excess produced) over the course of an entire year.
Therefore, different scenarios and plant configurations will be evaluated based on the output
of energy found.

Using the data from 2017-2021 allows for a historical and general situation to be extrapo-
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lated. A set of most likely wind and solar resource patterns can be found and used for calcu-
lation for a mean year, but the outliers and unlikely situations can also be spotted and will be
considered.

Location

For the single location case, both sets of files must be constrained to one longitudinal and
latitudinal degree with a horizontal resolution of 0.25° x 0.25°. This geographic view creates
more simplicity when calculating and cuts down on computational power. Using one location
as a model site allows for mistakes or marginal errors to be caught before upscaling to multiple
areas. Marseille was selected as the singular test site, and determined by a simple visual
comparison of the GWA and SolarGIS of Europe, revealing an area with great solar intensity
and wind speed. A parallel thesis project at TU Delft used the same site to model a hybrid
plant configuration [34].

The longitudinal and latitudinal dimensions are separate arrays forming the multidimen-
sional array of the climate-specific parameter. Each is converted from the spherical coordi-
nates into the land coverage in m2. This will not be used until the energy potential evaluation as
it refers more to the constraints set by the individual technologies of each renewable resource.
For the resource analysis, it is merely to know what location was selected for analysis.

3.2. Resource Analysis Concept

One of the most important factors in the site’s decision to install any power plant is dependent
on the resources available. Therefore, in order to determine if a site is desirable, a resource
assessment must be done. In this case, both the solar and wind potential must be measured
and evaluated. Past resource assessments for AWE have all evaluated the potential difference
from one another, the reoccurring agreement is that AWE has greater potential above the
average HAWT height. The Haliade-X is regarded as one of the largest wind turbines with a
capacity of 14 MW and reaches a height of up to 260 m [35], which is still a minimal range for
kites. Therefore the wind resource above 100 m will be evaluated and those findings will drive
the results of this research.

3.2.1. Wind

The climate-specific parameters for wind are broken into components or height-specific vari-
ables. The constraints for the data of interest are different depending on the type of data used.
The ERAS wind data is given in the form of horizontal wind speed in the northern direction v,
m/s and the eastern direction v, m/s, to convert it to total wind speed,

vw = VT 03, (3.1)

is used. The total wind speed v,,, in equation 3.1 is comprised of the directional wind speeds
and must be calculated to find the combined value. Initially, this research investigated data
using pressure level resolution, the vertical coverage, as the constraint was limited to 37 pres-
sure levels [36]. An underlying ensemble samples an uncertainty estimate at three-hourly
intervals. The selected levels for wind speed were, 1000, 975, and 950 hPa, which should
refer to about 100, 325, and 530 m above sea level, respectively. The CDS recommends
checking the heights in reference to the pressure levels using,

h="2, (3.2)
g
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with the geopotential z, at each level. The geopotential from the pressure levels is used to find
the height h, along with g the gravitational constant. Then the altitude is calculated

Rearthh

It = ——carth®
¢ Rearth - h,

(3.3)
where R, is the radius of the earth and the previously found height from equation 3.2. The
values all correspond to the ERA5 documentation and equations used in the Earth model. The
results show the 1000 hPa hourly data points vary at heights between 90-200 m.

To evaluate the wind by specific height a new data set must be downloaded using the
model level bank, which can then be converted to regular altitudes through the barometric
and geometric height equations. The selected model levels were 10 heights between 100-
500 m. The final ERA5 wind data used are from levels 137 to 124 shown as v, and v, in m/s
calculated in equation 3.1 to find the magnitude and direction of the wind velocity. This method
required more programming knowledge to allow for a smooth request to the CDS database.

The wind power density P, can be used as an estimate for the resource potential using
equation 1.1. The wind data will be correlated with the solar data. The wind has a shear profile
from the ground up to the height, therefore the main claim is the wind at a level will represent
only the wind speed at that exact height. Figure 3.2 shows the wind speeds of the extracted
data at 107 m above Europe.
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Figure 3.2: Wind speeds above Europe
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The shear profile will not be considered as an assumption that the kite will not be moving
with respect to the height/area for optimal energy production. The level data will also represent
the vertical midpoint of the kite profile for energy generation. For example, 100 m would
represent the kite flying between 75-125 m in height, meaning the actual collection from the
kite may result in a higher energy yield.

3.2.2. Solar

The use of ERAS for solar potential is fairly common, but not enough to be considered the
worldwide standard. This is due to the fact that the reanalysis process considers more clear
cloudless days than actually occur. However, depending on the degree of accuracy one wants
this is still a good option. The archives of CDS store more than 40 years of historical data and
work on forecasting and improving the collection. The ERA5 parameter used as the second
source for the hybrid of this project is solar radiation. More precisely the amount of solar
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radiation (also known as shortwave radiation) that reaches a horizontal plane at the surface
of the Earth (both direct and diffuse) minus the amount reflected by the Earth’s surface (which
is governed by the albedo). The database stores the surface net solar radiation Ggsp in
J/m?. This means the amount of radiation reflected and absorbed (from clouds/atmospheric
particles/albedo/etc) is already considered, leaving the net amount at the surface level.

The irradiance is accumulated over a particular time period and must be converted before
continuous use. In the reanalysis, the accumulation period is take place over the course of
one hour ending at the extracted date and time. To convert the irradiance to watts per square
meter,

Gssr

PR
the accumulated solar irradiation Ggggr, should be divided by the accumulation period ¢, in
this case one hour expressed in seconds. The Ggsr is the remainder incident on the Earth’s
surface. The data is downloaded into either GRIB or NetCDF files. ERA5 reanalysis usually
shows there to be fewer clear sky days meaning that the solar irradiation is slightly higher
than what is considered in a real-life measurement. Figure 3.3 is a diagram of the different
components making up solar radiation. For the sake of computational power, the temperature
dependency will be disregarded and the assumption of more clear days will result in a higher
energy yield.

Glrr —

(3.4)

bﬂq

. _\/' '\”- -\-I _
n | .' y . }
=
z /

Figure 3.3: Solar radiation components [37]

Solar radiation from the sun travels through the atmosphere where it is normally composed
of three components, which are modified by the atmosphere, surface, and topography of the
planet. The direct radiation is unimpeded coming directly from the sun. Diffuse radiation is
affected by the composition of the atmosphere like clouds or dust particles. The final compo-
nent is the reflected radiation which is the reflection from the surface components. The sum of
the direct, diffuse, and reflected radiation is called total or global solar radiation. For the sake
of this research, the net solar surface radiation will be considered global radiation.

3.2.3. Resource Evaluation Scale

There is not the existence of standardized scale to use when evaluating a hybrid energy sce-
nario therefore a new method was created. The overarching goal of this research is locating
an area in which a hybrid power plant would be feasibly successful. This means that the
resources will be evaluated based on the correlation per time period.

The trends of the wind speed at height levels and solar surface insolation must be found.



3.2. Resource Analysis Concept 23

The trend lines allow for a quick visual inspection of the trend over time. The MATLAB func-
tions (trendecomp, Trend, detrend) use singular spectrum analysis (SSA), which assumes an
additive decomposition of the data. Meaning the data trend is broken up into three parts: long-
term, seasonal/oscillatory, and remainder trends. The SSA is used best when the seasonal
trend periods are unknown. The trends are broken up equally over time. The parts summed
up equal the original data set. The trend lines are shown with respect to the original size of
the data, meaning the wind speed over the time evaluated is resized to the trend value with
respect to that time period. To compare the trends of wind speed and irradiation the trend line
must be re-scaled.

The (anti-)correlation between each resource can be found using the corr/corrceof function.
The correlation coefficient between a pair of values is outputted with the option to pick from
different correlation methods, Pearson, Kendall, Spearman. The Pearson method is selected
as the correlation is exact when values one and two of the pair come from a normal distribution.
This means the covariance of the pair is divided by the standard deviation. The correlation
function varies over the time period/value range selected. Beginning with the hourly resolution
any time period selected will sum the values and compare them to the rest of the data range.
The Pearson correlation coefficient, r, is calculated using the simplified version,
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or more in-depth,

n n Xai n Y ;
S (X — oy Sedy vy, — yon | Uhaly

rab) = = — (3.6)
\/Z?:l(Xa,i =i )P (Y — 20 )

X, and Y, are the columns of matrices X and Y which are two different variables while
n represents the length of each column or length of time. To clarify the Pearson correlation
coefficient does not imply a probability of occurrence. The correlation coefficient, r, measures
between -1 to 1. A p-value can also be outputted to test the null correlation hypothesis, mean-
ing a value close to .05 is not correlated in any way, the same as when r is close to zero.

A correlation coefficient of one means that for every positive increase in one variable, there
is a positive increase of a fixed proportion in the other, meaning the step size of the change
is proportional to the data set itself. A correlation coefficient of negative one means that for
every positive increase in one variable, there is a negative decrease of a fixed proportion in
the other. Zero means that for every increase, there is not a positive or negative increase, the
two just are not related. This can be demonstrated visually in figure 3.4.
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Figure 3.4: Correlation explained visually [38]

r that is higher on the positive side means that the resources are correlated and overlap
(abundant or negligible at the same time). This would lead to a scenario that would benefit
from an internal storage configuration. Depending on the number of resources there might be
too much energy generated at the same time, and it would be better to install a system with
storage capabilities.

A hybrid location ideally has a negative » meaning it is anti-correlated. This would lead to
one resource peaking while the other is waning, with the hopes of a balanced system over time.
This case would solve intermittency and seasonal differences which are the largest problems
renewables usually face, the more negative the value the better for the hybrid scenario.

Any situations in which r is close to zero will not have the potential for a hybrid and will not
be elevated to the next set. However, just investigating the r is not enough to evaluate a hybrid
location. There may exist a case where the resources are directly anti-correlated resulting in
a value close to a negative one, but the surrounding area cannot provide significant energy-
generating potential. This would result in having to rely on a third resource to provide enough
to the grid. In this case, we would need a non-intermittent resource, which is likely to be fossil-
fuel based and is not a desired output. This leads to the second part of the analysis for a site,
the energy potential.

3.3. Energy Potential Process

Using the results from the resource analysis of both solar and wind, the values must be further
analysed in terms of energy for a deeper evaluation of a hybrid site. The biggest difference will
be introducing the constraints of each technology into the equations. Figure 3.1, the overview
of the model also shows the process for deriving the energy potential.

3.3.1. Airborne Wind Energy Technology

An important factor in the set-up of the test location is the technology selected and the area
used. We can choose to cover the entire surface area in kites create a kite farm or select
a specific number of kites. The first option would allow for the maximum AWE energy to be
used.

The issue with trying to use the amount of energy that can be found per area is that the
location of a potential site may not be completely suitable for the construction of kite farms. To
avoid this scenario a base of one kite will be considered, the total area needed including the
safety buffer is 502,400 m?. The Kitepower Falcon 100 has the potential to generate a nominal
power output of 100 kW between the harvesting heights of 70-400 m and a wind speed range
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of 0-25 m/s. The Kitepower Falcon specifications can be found in Appendix A. The Falcon
100 has a yearly output of 450 MWh/yr meaning the capacity factor is about 51% with no
efficiencies, losses, or flight conditions considered. This is a higher capacity factor than that
of PV panels, therefore it will be used as the main method of harvesting energy.

As mentioned earlier the wind will be measured at specific height levels and not cover the
shear wind profile, nor will the kites move to find the optimal heights for harvesting. So, the
kite energy at 100 m will be the midpoint of the 75-125 m height range. The other assumption
is once the kite is in the air it will stay there for the entire length of time being calculated. There
will be no take-off/landing considered, meaning the kite is estimated to be in flight at all times.

Kitepower is also working on an upscaled version of the Falcon 100 with a nominal potential
of 500 kW, this model will be available for future scenarios.

The energy will be calculated using the Kitepower power curve from its brochure. A curve fit
was created in MATLAB using the brochure’s information about cut-in, cut-out, and rated wind
speed, which can be seen in figure 3.5b. Below the cut-in speed, the system uses electricity
rather than generating it, therefore it is possible to get negative values when running the model.
The blue line is the Kitepower brochure’s data while the orange line is the generated curve fit.
This fitting was validated using the AWERA tool [32]. AWERA was created in another master
thesis project using the QSM to calculate a precision of accuracy higher than the curve fit used

in this model. Figure 3.5a is the optimized situation for Marseille and a similar curve-fit was
created there.
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Figure 3.5: Comparison of different kite curve-fits

A side-by-side comparison of each curve and curve-fits are seen in figure 3.5. AWERA
calculates power curves using simulations and algorithms to include the QSM for finding the
optimal harvesting heights based on wind conditions and locations. As the purpose is to find
the most optimized results, the wind speeds are clustered, and the tether/operation height is
constantly changing with the base length of 200 m. This is used to create a realistic scenario
but also outputs several power curves all containing a frequency of occurrence of each cluster.
However, any power curves obtained from AWERA will not realistically translate in this project’s
calculations as the kite does not move either vertically or horizontally and calculates only at
one given height. The biggest difference between the two curves is the initial start of the curves.

AWERA is only positive while Kitepower reaches slightly into the negative side for electricity
generation.
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The annual energy production (AEP) is a key performance indicator for evaluating an en-
ergy system. The annual electrical energy production of a facility is calculated as the produced
energy minus the consumed energy usually in MWh/yr. In this case, the AEP is calculated as

Eapp = , (3.7)

the value of the total energy produced over the length of time ¢t. The energy E g p is calculated
based on the amount of energy outputted from the wind speeds over time through the power
curve. The measured AEP uses the actual measured values and efficiencies are included,
however, it can also be more of an estimate for example over five years it's considered an
averaged annual energy production. The ground station of the AWE system has a lifetime
of 25 years, and the other components should be replaced regularly. Therefore, the overall
system lifetime considered is 25 years which is comparable to HWAT systems. Finding the
AEP from AWERA would be a better method of evaluation than the power curves.

3.3.2. Solar PV Panel Technology

Solar technology has most of the same considerations as the kites, but there are many more
solar PV technologies currently available compared to the fledgling airborne energy industry.
As the more established technology solar panels have reached a somewhat stagnate point
in terms of innovation and the ability to change. Two important factors for PV modules are
efficiency and performance. Currently, the REC group solar panels are one of the leading
brands and most used worldwide. They are very efficient and have one of the best warranties
making them the leading choice for many people [39]. The REC Twinpeak Series 4 350W
panel from the REC Group will be used for calculations and more information can be found
below in Appendix A. The same issue applies to the case study using an objective number of
panels or filling the entire area. In order to create more synchronicity with each technology the
number of panels will match the safe, available area surrounding the kite farm with an installed
power of 201.25 kW.

As PV is a more established technology the product specification sheets for select models
show all efficiencies, caps, and limits needed to calculate the power produced. Using the
Sandia National laboratory toolbox one can select from a library of solar panels and inverters
and a location/time to calculate all necessary information [40]. However, as the solar panel
was already selected and is a newer model it does not exist in the Sandia library. Therefore,
the global irradiance and values from the specification sheet will be used to calculate the power
created.

The solar panels will be placed at a tilt angle of 180° which is simply directly flat on the
ground. The net solar radiation will be transformed into global radiation by the end of the
resource analysis. Therefore, the PV power will be based on the module components, esti-
mated sun hours, and total irradiance that reaches the panel. First, the open circuit voltage
dependent on the irradiance levels is found. Followed by the short circuit current and power
production with respect to the same change in irradiance over time.
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The efficiency is only based on the panel specifications and the irradiance as mentioned
in 2.1.3. The power of one panel over the course of one hour is calculated using surface area,
irradiance, and efficiency. Then the energy produced is the summation of the hourly power
over the course of time. This is the amount of energy produced by one panel, however in
this scenario, the solar array will be made up of 575 panels, so the total energy is the sum of
the number of panels and the energy from one panel. The total surface area the panels will
cover is 1050 m? which is well within the area designated as dual land-use while the Kitepower
Falcon 100.

The degradation over the lifetime of the modules is also considered. Other losses like
cabling, inverters, and module mismatch are included in the efficiency values with average
literature values in place for each. The AEP is calculated based on the energy produced with
losses, irradiation, panel type, and the number of modules in the array.

Eyr = nsysAm/GIrr<t)771rr(t)dta (313)
t

The yearly energy is calculated by summing the irradiance G, with the time in hours over
time and the efficiency of the panel, finally this is multiplied by the efficiency of the system and
the surface area of the module array. The capacity factor is determined from

E,,

CFpy =
PV Pnomt’

(3.14)

the yearly energy, I, produced over the nominal power P,,,,,, multiplied by time ¢ in hours
per year. The capacity factor of solar panels is usually quite low compared to other renewable
energy technologies and is around 10-20%. The capacity factor is found by dividing the yearly
energy generated by the nominal yearly energy.

3.3.3. Energy Potential Evaluation Criteria

The evaluation for the hybrid location will depend on the correlation between the resources
and the amount of energy produced. The correlation and trends of the energy produced will
be examined for several different time periods. The trend lines of the energy should look
similar to the resources of each. The trend lines and correlation coefficients are found the
same way as in 3.2.3 above. The energy of each resource can be found in the same units
and comparatively evaluated directly. This allows for the identification of which resource has a
higher energy output or if they are almost equal. The amount of energy, correlation coefficients,
and trends all change based on the time period observed. First, the trend lines are examined
to find when the resources are anti-correlated. The situations where the values are closer to
-1 or 1 are identified. The amount of energy for those situations is then gathered and based
on those three factors a scenario is selected.
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3.4. Prospective Hybrid Site Configurations

The three possible situations are based on correlation coefficients, trends, and the amount of
energy produced. Correlation coefficients are a difficult concept to grasp and are difficult to
evaluate, therefore table 3.1 was created as a scale to evaluate each PCC.

Table 3.1: Scale to evaluate the PCC of hybrid energy sites

Coefficient Value Evaluation
Positive 0.0-0.10 | Very Poor Correlation Negative -0.10—-0.00 | Very Poor Anti-Correlation
Positive 0.10-0.25 Weak Correlation Negative | -0.25--0.10 Weak Anti-Correlation
Positive 0.25-0.50 | Moderate Correlation Negative | -0.50 —-0.25 | Moderate Anti-Correlation
Positive 0.50-0.75 Good Correlation Negative | -0.75--0.50 Good Anti-Correlation
Positive 0.75-1.00 | Excellent Correlation Negative | -1.00 —-0.75 | Excellent Anti-Correlation

For a strong hybrid case, the daily PCC should be on the negative side of the table and
between good and excellent conditions. To evaluate and place each hybrid case both the
energy generation and the correlation coefficients are considered together. After they can be
classified into the situations seen in the overview figure 3.1. Each situation is classified below
composed of energy and correlation outputs.

1. Anti-correlated and abundant energy produced - Hybrid case with minimal storage
2. Correlated and adequate energy produced - more than minimal storage needed

3. Correlation and energy abundance depends on time period - supplement support needed

The above list does not have a situation in which the resources have an r-value that is
close to zero. In that case, it would not pass the first criteria of the resource assessment step,
meaning there is no value in calculating the energy potential as it is not hybrid feasible under
these conditions.

Option 1 - Positively Correlated

The first case means that there is an adequate relationship between the correlation coefficient
and energy generation. To specify at least 40% of the daily PCCs are less than -0.40 meaning
the minimum threshold for consideration is moderate. The minimum energy needed based
on the control case of 575 panels and 1 kite, is 600 MWh/year. This can be further split into
sub-cases based on how the energy is generated. If one resource is generating at least 60%
or more of 600 MWh then that technology is the primary stakeholder. If both resources are
generating energy at about the same levels then this is the prime scenario of equal footing
for the hybrid system. All the scenarios will need some form of storage, however, this case
requires the smallest amount, mostly for contingencies.

Option 2- Anti-correlated

The second case is the same as the first but in the opposite direction. Therefore, at least 40%
of the PCCs are greater than 0.40. If both resources are generating energy with similar output,
but are correlated then it tends to be at the same rate. This means the storage system needed
stores the excess energy produced at the same time, and it is used to supplement and fill in
gaps when the energy generation dips, but demands increase.

Option 3 - Time-dependent correlation
The final case for consideration is when there is not an adequate relationship between correla-
tion coefficients and the minimum 40% of the time is not met being, (greater than an absolute
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value periodof 0.40), but the minimum energy requirements are fulfilled. However, there may
be some periods, i.e. quarterly basis where the correlation coefficients exceed the minimum
value needed. With these situations clearly defined the next step is to run a test location.



Case Study - Marseille

This chapter focuses on the results obtained for the resource and energy potential models.
The location used as a test site was selected based on a visual analysis of the Global Wind
and Solar Atlas, identifying an area in Europe in which both solar and wind are abundant.
The test site is located on the outskirts of Marseilles, France, and the time period selected for
analysis was 2017-2021.

The first Section 4.1 will cover what the resource model outputs and what results mean. Then
the in-depth evaluation of the energy model will be performed in Section 4.2. This is followed
by Section 4.3 which explains each of the scenarios available and which one Marseille fulfils.
Finally, Section 4.4 is a comparison of results from multiple locations.

4.1. Resource Case

As explained in the previous chapter the resource analysis evaluates the wind speeds and
solar irradiation to find the correlation and trends between the two. Marseille was selected as
the location to test the model as there was an overlap between the wind and solar potential.
The coordinates of the unique location in Marseille are from 44° north 5° east to 43° north
6° east with a total calculated surface area of 9e9 m? The wind speed will be inspected at
several heights, the same will be done for the solar irradiation. Then the relationship of the
correlation over several different time periods will be analysed with an anticipated outcome of
anti-correlation values from -0.40 and lower.

4.1.1. Wind Speed in Marseille

To begin the wind speed over the course of the 5-year period (2017-2021) must be extracted at
selected heights. As mentioned earlierin 3.1.1 the resolution of the data is in hourly increments.
The ERA5 atmospheric parameters for p, u, v, z are used to obtain the wind speeds for the
range of model levels 137-124. However, only five levels will be used: 133, 130, 128, 126,
and 124, which correspond to the respective geometric heights of 107, 205, 288, 385, and
501 m.

The wind speed at each height is calculated using equation 3.1 as a multidimensional array
with dimensions of latitude, longitude, level, and time. The array is reshaped into level x time
using the mean with respect to the latitudinal and longitudinal coordinates. Due to the lack of
computational power, this provides that the mean over the location is found, rather than the
0.25° x 0.25° horizontal resolution in latitude and longitude. There is no surprise as the heights

30
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increase so do the wind speeds. Below in figure 4.1 the hourly wind speeds for the lowest and
highest heights are plotted over time.
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Figure 4.1: Hourly wind speed in Marseille for lowest and heights points between 2017-2021

The plots in figure 4.1 show great variability in each time step. The five-year period allows
for a trend to be spotted. Following the curve, the wind speed dips around the halfway point
during the year. Summer tends to see lower speeds while winter a bit higher. The difference
in wind speed is also noticed along the height when comparing figures 4.1a and 4.1b, there is
an increase in wind speed as the height increases.

Using MATLAB, temporal variations begin to emerge. The average wind speed found per
hour at each height is shown in table 4.1. The wind speeds in the table were found by taking
the hourly mean for 8760 data points to get each year. The 5-year column refers to taking the
mean of all five years of data. Table 4.1 shows 2017 results in a higher average wind speed
throughout the year and 2020 has a lower average for the wind speed.

Table 4.1: Yearly average wind speed in m/s above Marseille between 2017-2021

Heights (m) | 2017 | 2018 | 2019 | 2020 | 2021 5-yr
107 6.0340 | 5.5270 | 5.7912 | 5.3042 | 5.5198 | 5.6351
205 7.1008 | 6.5952 | 6.8529 | 6.2758 | 6.5233 | 6.6694
288 7.7249 | 7.2193 | 7.4646 | 6.8303 | 7.0763 | 7.2629
385 8.2960 | 7.7724 | 8.0153 | 7.3170 | 7.5424 | 7.7884
501 8.7776 | 8.2343 | 8.4840 | 7.7138 | 7.8970 | 8.2211

The same trend of increasing wind speed with respect to height is shown in table 4.1.
Therefore it is expected that this trend will be in all of the following analyses. The further
temporal analysis will be found on a seasonal and biannual basis. Seasonal is defined as
quarters: January to March (Winter), April-June (Spring), July-September (Summer), October-
December (Fall). For the biannual basis, there are two periods, January-June (1st Half), and
July-December (2nd half). Using a monthly interval allows for a closer look at where the
maximum and minimum values are found and if they fall in a similar pattern to other years.
The average monthly wind speed is found in table 4.2 for all five years.
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Table 4.2: Average monthly wind speed in m/s above Marseille between 2017-2021

Height (m) Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
107 6.8826 | 5.7607 | 5.8764 | 55191 | 54313 | 5.0125 | 5.1956 | 5.1066 | 4.7454 | 6.1708 | 6.0518 | 5.8402
205 8.3794 | 6.9914 | 6.9866 | 6.4494 | 6.3318 | 5.7348 | 5.9226 | 5.8771 | 5.5347 | 7.3407 | 7.3006 | 7.1593
288 9.2507 | 7.7345 | 7.6233 | 6.9827 | 6.8436 | 6.1293 | 6.3221 | 6.2962 | 5.9884 | 8.0032 | 7.9996 | 7.9607
385 10.0197 | 8.4279 | 8.1937 | 7.4625 | 7.3006 | 6.4760 | 6.6576 | 6.6345 | 6.3957 | 8.5911 | 8.5978 | 8.6892
501 10.6828 | 9.0600 | 8.6962 | 7.8692 | 7.6869 | 6.7329 | 6.8886 | 6.8426 | 6.7152 | 9.1006 | 9.0545 | 9.3180

When observing the monthly averages, the dip in wind speed happens from June through
September which corresponds to the usual summer months in the northern hemisphere. Be-
fore seeing the correlation, it is reasonable to assume that the peak for the solar irradiance
will happen during summer which is also the lowest period for wind.

The last temporal variation that is important to note is observations shown throughout the
day. There is an expected trend to show higher wind speeds during the evening and early
morning as opposed to mid-afternoon. These are the diurnal patterns discussed in Chapter 2,
which describe observations that happen during a 24-hour cycle.

N
a

N
S
N

o

Wind Speed (m/s)
=

Wind Speed (m/s)

o

— ~———
00:00:00 2017 Time (hrs) 00:00:00 2017 Time (hrs)
(a) 3D hourly wind speed 107 m above Marseille (b) 3D hourly wind speed 501 m above Marseille

Figure 4.2: 3D graph of wind speed above Marseille 2017 to 2021 from daily and yearly perspective

This pattern is not as easy to discern compared to the solar daily irradiance, but it is still
visible. Figure 4.2 shows most of the peaks happen at the edges of the y-axis in the 3D graphs.
The x-axis is the time in days over the course of the 5 years, the y-axis represents the time
of day in hours from midnight (00:00) to midnight, with the halfway mark at noon (12:00). The
final axis is the z-axis showing the wind speed range from 0-30 m/s. The relationship between
height and wind speed is also easily discernible in the above graphs.

After noting areas of significance with respect to times, the trenddecomp function is applied
to the wind speed levels. This allows the trends associated with the data to be individually
found. Each trend output is composed of three parts long-term, seasonal/oscillatory, and the
remainder, these trend lines summed up equal the original data, for more information refer to
3.2.3. In this case, the long-term trend will refer to the overall progression/pattern found over
the course of five years.
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Figure 4.3: Trend lines for five geometric heights for wind speed above Marseille

The trends show the patterns in the data set with respect to time. When looking at figure
4.3citis clear the wind speeds are higher during the winter months and lower in summer, which
holds true to previous observations in table 4.2. Figure 4.3c also shows clearly the relationship
between wind speed and height. With plots in figure 4.3a and figure 4.3b it is more difficult to
observe differences due to the trend function. Long-term in these cases equals one year and
the oscillatory trend is four seasons which is the minimum needed for the long term meaning
there would little difference between the two. Differences are much clearer using more than
one year of data with this function as there would be multiple inflection points to represent the
change in seasons.

Overall in Marseille, the average wind speed reaches 5-9 m/s increasing proportionally with
respect to height. There is a clear annual trend separating the winter from the summer, with
weaker winds in summer and the lowest on average in July. Based on this there is an expected
increase in energy produced with respect to operational height. Once the solar patterns are
determined the correlation values between the two can be found.

4.1.2. Solar Irradiation in Marseille

In solar data, set patterns are much more predictable and expected. The sun rises and sets
each day and with that about half of the time, there is no solar radiation expected. The diurnal
patterns for areas near the poles are unusual as they have periods of extreme sun hours or
extreme night for times surrounding the solstices. Each pole gets about 24 hours of pitch
darkness every “day” for about 10 weeks per year during its winter period. While the same
can be said about the summer period. Therefore, looking at the poles over the course of a
year it almost balances out, however on a smaller scale like monthly intervals there is a major
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difference from the rest of the world. The closer to the equator, the more predictable the diurnal
pattern is for the estimated sun hours. For Marseille, it is expected to see no solar irradiance
when the sun is down for the hours between 18:00-06:00 on average.
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Figure 4.4: 3D graph of hourly solar irradiance in Marseille 2017 to 2021 from daily and yearly perspective

Figure 4.4 shows the diurnal pattern with solar irradiance equal to zero in the evening to
early morning and a maximum occurring around 12:00. There is also an annual peak in the
summer months. The 3D graph shows that the irradiance is roughly more predictable and
equal on an annual basis throughout the 5-year period. Figure 4.5a illustrates figure 4.4 in 2D,
where it accounts only for the x and z axis and the sum of the daily solar irradiation.
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Figure 4.5: Solar irradiance in Marseille 2017-2021

The variation of the solar irradiance can be easily observed in figure 4.5a. The amount
of solar irradiance each year varies slightly, but not as much as the wind speed. Figure 4.5b
shows the sum of the hourly solar irradiance per day. The sum is important because, unlike
the wind, the irradiance used in PV can be collected. Whereas wind technology relies on
the change in wind speeds to generate energy. There are also a few days where there is a
significantly lower irradiance with respect to the annual trend, one which can be seen in late
2018, these are due to clouds obstructing the sun. These are expected but difficult to forecast
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the effect on the irradiance levels. The amount of solar peaks in the summer and dips in winter
remains to be the opposite behaviour of the observed wind speeds.

The solar trend line shows the same conclusions as the previous plots. Figure 4.6 indicates
the peak during the year is in the summer and much less irradiance is available in the winter.
However, depending on the other weather patterns the data may show a shifted peak from the
norm.
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Figure 4.6: Solar trends for Marseille 2017-2021

In figure 4.6b, the 2017 trend shows a greater peak closer to May and the 2021 trend
is shifted to the right. This shows how difficult it would be to accurately model and forecast
energy predictions. Though when both 2017 and 2021 are averaged together they show a
curve peaking closer to the other three years in mid-June/July. Therefore, the energy potential
on an annual basis would be still in line with predictions, but not for smaller intervals.

Overall the solar irradiance behaves opposite to the wind speed. The resolution of both
is hourly which is suitable for the research means of this project, any higher fidelity would
need an increase in computing capabilities. From these observations there is an expected
anti-correlation between the two resources on an annual basis. With the strongest Pearson
coefficient values in the summer and winter.

4.1.3. Resource Correlation Marseille

It is essential that the first step in evaluating the correlation between resources is finding out
if there is any change in correlation. If there were no indicators that the resources would be
correlated, then the following evaluations would be essentially useless. Finding each of the
long-term trend lines allows for a first look at the possibility of correlation and the ballpark
of what the calculated values represent. It is easier to see early conclusions when both are
shown together.

Figure 4.7 shows both resource data sets plotted with the same x-axis and normalized.
The MATLAB function normalizes defaults to have a mean zero and a standard deviation of
one. The normalization method used here is a range, where the data is scaled to an interval
of [a b], where a<b. Equation 4.1 shows the normalization method used. X is the original data,
a,b are the limits of the normalized data.

X —minx

Xrescaled =a+ —(b - (1), (41)
Max; — Ming
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Figure 4.7a shows the long-term trend lines of each resource plotted with a shared x-axis.
Figure 4.7b shows the trend lines normalized which appear to be shifted downwards.
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Figure 4.7: Resource trends for Marseille from 2017-2021

Normalizing the data is not enough to show the relationship between both resources.
Trends between two different sets of data are easier to spot when each has been re-scaled.
Re-scaling is different from normalizing as the range and dependencies change. In MATLAB
the re-scale and normalize functions are the same for the default option, however, they can
be adjusted to better suit the needs of the data.

Re-scaling changes the distance between the min and max values in a data set by stretch-
ing or squeezing the points along the number line. The z-scores of the data are preserved, so
the shape of the distribution remains the same. While the normalize and re-scale functions
can both re-scale data to any arbitrary interval, re-scale also permits clipping the input data to
a specified minimum and maximum values [41].

A— Xinputmin

B=L+] (U - L), (4.2)

Xinputmax - Xinputmin
Figure 4.8 is re-scaled using the formula in equation 4.2, L is the default value of zero as is U
defaulted to 1. Input min is the selected minimum value of the entire data set and input max
is the selected maximum value of each resource set. Re-scaling allows for the comparison of
two different variables on equal grounds.
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Figure 4.8: Re-scaled and normalized wind speed and solar irradiance trends for Marseille

Here the plotted trends show the annual variation of each resource, in relation to each other.
The predicted anti-correlation is more visibly prevalent on this scale. It is safe to assume that
the maijority of the time the resources are anti-correlated. Visually this is shown as one line
peaking near one and the other dipping around zero. The line must continue to increase or
decrease opposite to the line itis compared to. Based on the trends, the correlation coefficients
between the solar and wind will be highest between the heights 385-501 m. The most negative
Pearson value is expected at the beginning of 2018 and the worst correlation is expected
between summer 2019 and summer 2020.

To investigate the correlation coefficients fully it is necessary to start with a broad scope
and zoom in on interesting areas. The correlation values can be found in several tables in
Appendix C. Table C.1 holds Pearsons’ correlation coefficients from the monthly up to yearly
time interval between the wind speed and solar irradiance. Table C.2 refers to the calculated
PCC values on a weekly basis. Finally, the smallest calculated PCC value is on a daily interval
found in table C.3. Each of these table values was calculated using the same hourly resolution.

The correlation coefficients are calculated based on the number of hours in the interval of
time stated by the header of each column. For example, the PCC value for the year is 43800
wind data points compared with another 43800 data points for solar into one value. As the
intervals decrease in time the more precise the correlation coefficients are.

As can be seen in table C.1 the values all range between -0.25 to 0.10 which means they
are poor or weak (anti)correlation. When the PCCs are greater than |.25| then they reach mod-
erate status and can be used for potential hybrid planning. The tables are colour-coordinated
to show the visual range of correlation. Dark red indicates values close to the ideal negative
anti-correlation value, while bright green refers to high correlation. White values are represen-
tative of poor correlation in either direction or are not correlated in any way. From seasonal
basis and higher there is only one positive value 0.0117 which shows closer to the null corre-
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lation theory rather than being positively correlated. On the monthly interval, there are a few
areas that indicate correlation, but the majority of values are still anti-correlated.

This can be seen in table C.1, where the correlation coefficients are calculated using the
hourly resolution summed over the course of the time period found in the heading of the table.
The year column represents the hourly values summed over the year and each height has
one correlation coefficient representing the whole time period. The year column shows an
increasing anti-correlation as the heights increase however the max varies mostly between
the fourth and fifth height, it can also be seen that 2018 has the highest anti-correlation and
2020 with the lowest. The yearly correlation coefficients are between -0.1583 to -0.0597 which
is low by correlation standards, from an absolute value of 0.25 and above the correlation is
strong enough to start planning around. As predicted the PCC value is stronger with smaller
intervals of time. However, none of the time intervals in table C.1 are strong enough to be
considered helpful to determine the hybrid potential.

In Appendix C the weekly values can be found in table C.2 ranging from -0.5638 to 0.3093.
This point on the PCC values shows a strong enough relationship between solar irradiation
and wind speed, to contribute positively to a hybrid power plant. The trends show there is an
increase in the absolute correlation value as the wind height increases, however, the heights of
288, 385, and 501 m trade-off are top spots on each occasion. This means that the optimized
height technique that AWES employ can take advantage and change the height to match the
best correlation. Figure 4.9 graphically demonstrates how the correlation value is found. The
wind speed for a select period of time is plotted against the solar irradiance for the same time.
Then the opposite scatter plot is found. The r value as shown on the left of each scatter plot
is equal to the value of the least square regression fit.
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Figure 4.9: Correlation plots of resource trends in Marseille Week 51 in 2017

Each scatter plot has 168 points representing the hourly values of either the irradiance or
wind speed. The correlation coefficient value should be the same when comparing the same
two variables. To check the values are correct simply refer to table C.2 find the 51st week in
2017 and verify the value are the same for each height.

To further investigate we zoom in on the smallest scale correlation possible which is over
the course of 24 hours. The final resource table in Appendix C shows the daily correlation
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values, table C.3. This table has the most impressive range of -0.9758 to 0.9284. A heatmap
displayed in figure C.1 is provided for better understanding. As there are 5 heights over 5
years to correlate per day means there will be a minimum of 5x5x365 values in that table.
Therefore breaking the table down into a heatmap helps as a visual aid in understanding the
relationship between the resources.

The example used to demonstrate the correlation of a daily resolution is found in figure
4.10. Looking at table C.3 one of the strongest anti-correlated days was on January 29th,
2018.
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Figure 4.10: Correlation plots of resource trends in Marseille January 29 2018

Unlike the weekly example, this plot is derived from only 24 data points, as such the R-
value has increased. To further investigate the resource correlation figure 4.11 is a histogram
that sorts the daily values into bins on both a temporal and height basis.
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Figure 4.11: Correlation Histograms per time and height in Marseille

The bins form the correlation range from perfectly anti (-1) to perfectly correlated (1). The
bins are skewed to left indicating a majority of anti-correlated values. As can be seen more
than 85% of the time the correlation is greater than the absolute value of 0.1 in all instances.
However, about 60% of the time the correlation coefficient is negative and only 20% are pos-
itive, meaning there is more anti-correlation between the sun and wind resources during the
day.

In order to determine if the location has enough resource justification to move to the energy
analysis, it must meet a minimum threshold. The minimum requirement: * the majority of the
|correlation coefficients| is greater than or equal to 0.25. In this case more than 50% of the
daily PCC is equal to |0.36] meaning it passes on to the next step in the analysis. The resource
analysis section is not considering the amount of energy generated therefore the correlation
coefficients can be of lower value. Once the energy scenario is evaluated the correlation
coefficients and the amount of energy produced to determine which scenario fits each location.

4.2. Energy Case

For the energy case, the amount of installed must be set in order to compare the two. This
group of calculations has an installed capacity of 100 kW for the AWES and an overall installed
capacity of 201.25 kW of PV panels. The installed capacity for solar energy comes from 575
modules with a maximum power of 350 Wp.

4.2.1. Kite Energy in Marseille

To calculate the amount of energy derived from the AWE technology, the power curve and wind
speeds are used. The power curve for the Kitepower Falcon 100 model is found in Appendix
A, this is the technology used for the wind aspect of this research. To check the replicated
curve a curve fit is done before the real wind speeds are used for power calculations. Once
the curve is fitted and validated, the power curve can be used to start calculating the actual
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power at an hourly frequency. Using the hourly resolution wind speed data set, increasing in
time the wind speed uses figure 4.12 to find where it intersects with the curve at the instance
in time with the power produced in watts.
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Figure 4.12: Curve-fit with Kitepower

As can be seen from figure 4.12, the curve looks similar to wind turbine power curves.
There is a sharp incline from the cut-in wind speed of 3 m/s to roughly 9 m/s. This is where
most of the wind data from Marseille falls in after there is a slight decline from the rated wind
speed all the way to cut-out wind speed. The wind speed per hour is inputted then where
it intersects with the curve is the power that wind speed generates. Currently, the Kitepower
Falcon 100 kW has a cut-out of 16 m/s but is planned to have a future cut-out of 25 m/s. Figure
4.13a shows the power produced at each instance in time over the course of 2017.
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Figure 4.13: Hourly AWES power production for 2017

The power produced dramatic changes over time. Figure 4.14 shows the trends over the
5-year period for the energy generated from the AWE technology. The difference in heights
shows an obvious increase proportional to the increase in height. The 107 m height is much
lower than the cluster of the other four heights, this can be due to the exponential change in
difference due to the surface roughness as height increases.
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Figure 4.14: AWES kite power trends five years stacked

The trends show that there is very little difference between the 385 m and 501 m height,
therefore for future comparisons, it would be best to stick between the heights of 200-300 m.
Figure 4.14 also shows a decreased energy generation in the summer months. The average
energy produced per year was between 365-530 MWh/yr across all five heights.

4.2.2. PV Energy in Marseille

The PV panel power production can be found in figure 4.15 shows a very similar figure to one
of the raw solar irradiances. From both, it can be seen that there is a peak in production during
summer. The installed capacity is 201.25 kW, however, the max power generated is around
130 kW which is slightly more than half.
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Figure 4.15: Hourly PV array power production in Marseille 2017-2021

The amount of land these panels cover is 1,050 m2. The average AEP by the PV installation
was around 223 MWh/yr. On average it supplies around 30% - 36% of the total energy.

4.2.3. Energy Correlation Marseille
The energy trends for each renewable technology can be found in figure 4.16, from this the
amount of energy produced by the PV panels is much lower than the AWE. These trends show
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that the current installed power for PV panels should be at least doubled to match the amount
outputted from the wind side. However, this does not show clearly how the energy of each
correlate, as the trends can change with more installed power, shifting vertically on the graph.
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Figure 4.16: Hourly power trends in Marseille 2017-2021 stacked

The re-scaled trends shown in figure 4.17 depict a typical sinusoidal function for the PV
panel and a less smooth curve for the wind technology. This means that solar PV generation
can be more accurately predicted with weather and historical data. The PV power can be
considered the more stable power-generating aspect of the hybrid configuration.
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Figure 4.17: Hourly power trends in Marseille 2017-2021 re-scaled

The interesting aspect in figure 4.17 is that the airborne energy generated at the 385 m
height is more anti-correlated with the solar power during summer while winter is between the

extremes of 107-501 m. The following figure 4.18 shows the PCC of generated energy sorted
into bins.
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Figure 4.18: Energy correlation histograms per height and time in Marseille

The bins show a positively skewed distribution with the majority of PCC values on the
anti-correlated side between -0.2 to -0.5, however, it is not as extreme as figure 4.18.

4.3. Marseille Scenario Results

To recap the case study standards, the AWE installed capacity was 100 kW about a third of
the total, the PV installation capacity was 201.25 kW, and the minimum amount of energy
generated should be 600 MWh/yr. This condition is based on it being roughly 0.01% of the
total region’s energy production from combustion technology in 2020.

Table 4.3: Annual energy potential in Marseille sorted by height and time

AEP (MW h/yr)
Kite 107m | Kite 205m | Kite 285m | Kite 387m | Kite 501m | PV Array

2017 432.28 496.75 517.27 528.44 531.77 232.20
2018 385.18 457.44 483.54 498.55 506.68 214.55
2019 397.01 464.13 488.36 501.83 505.49 229.25
2020 364.38 437.22 464.52 481.68 490.71 220.02
2021 391.01 472.20 497.78 508.77 511.38 220.01

Average 393.97 465.55 490.29 503.86 509.21 223.21
Combined 617.18 688.75 713.50 727.06 732.41

To determine which scenario Marseille fits in the flowchart in figure 4.19 is used. The
minimum for the |PCC] is reached with at least 40% of equal or greater value to 0.40 on the
daily scale. Along with this, the minimum threshold of generated energy is reached. Roughly
one-third of the values are greater than 0.40 and two-thirds less than 0.40. Therefore the
Marseille location is just short of the option for the most promising hybrid location, but for
various timescales smaller than a year it would work well.
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Figure 4.19: Energy scenarios

The scenarios that best-fit hybrids in Marseille are most likely to occur in Q1 (Winter) and
(Q3 Summer). When looking even narrower some weeks in those quarters show PCC values
less than -0.40 more than 60% of the time. Meaning on weekly basis the optimal solution is
anti-correlated which is the best fit for hybrids.

4.4. Multiple Locations

To get an even comparison of the energy generated by the different types of technology multi-
ple locations were evaluated. With the results of the comparisons, the feasibility of the model
can be more strongly verified.

The locations selected were all in Europe, to keep errors limited, but with very different
environments and geographic distances. The locations selected are Athens, Graz, Gdansk,
Kyiv, and, Reykjavik the results of the resource and energy assessments will be compared
to the more in-depth analysis of Marseille. The locations can be seen in figure 4.20. There
are several coastal regions with two in the Mediterranean Athens and Marseille, Gdansk is
set by the black sea, and finally, Reykjavik is on the Atlantic. Graz and Kyiv are landlocked at
the elevations of 353 m and 179 m separately, Graz also sits at the base of a small mountain
range with heights reaching almost 1750 m. They are all located near large populations with
higher-than-average energy demands.
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Figure 4.20: Map all test locations

These will be our five other test sites to compare with the results obtained from the Marseille
case. The comparisons are simplified by using data from 2018 and the AWES heights set at
205 and 285 m, to show a realistic flight situation. It is expected that Marseille will still have
the highest affinity for generation between resources due to the wind and solar map. However,
the relationship between the correlation coefficients could change significantly. This will help
uncover some patterns that are not based solely on attributes around Marseille.

Resource Availability

Of the other test sites Athens and Marseille have the highest potential for solar, this is due to
the longitudinal coordinates being the closest to the equator. Gdansk, Graz, and Kyiv all are
similar in solar, and Reykjavik with the lowest. While on the other hand, all locations besides
Athens and Graz have similar higher wind potential. Graz’s low wind potential could be due to
the surrounding geographical landscape (the Graz highlands). Preliminary findings suggest
that the solar potential is based on the latitudinal and longitudinal, while wind relies more on
the geographic landscape even at heights above 100 m.

Energy Availability

The energy generated by locations varies significantly by type of technology however when
summed they are similar. The regions that are expected to have lower potential due to latitude
are shown clearly. A summary of the resources, energy, and estimated potential can be found
in table 4.4.
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Table 4.4: Summary of test sites

Location Wind Solar Kite PV Energy

(m/s) (W/m2) (MWh/yr) (MWh/yr) (MWh/yr)
Athens 3.63 169.19 171.34 289.73 461.07
Gdansk 8.37  110.90 623.07 169.64 792.71
Graz 564 120.87 389.94 178.35 568.29
Kyiv 747  107.80 560.56 159.06 719.62
Marseille 7.22  145.38 483.54 214.55 698.09
Reykjavik 8.33 61.87 569.91 91.25 661.16

This table does not show the significance of correlation yet, as it is the key component that

Athens Week 27

Figure 4.21: Week 27 correlation all locations at 285 m
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cannot be altered, unlike the amount of energy generated. A few examples of good and bad
correlation weeks follow.

Week 27 of 2018 is graphed in figure 4.21. Athens and Graz have an even amount of pos-

itively and negatively correlated days, Kyiv is close but still has a few more negative. Gdansk,
Reykjavik, and Marseille have more anti-correlated days during the week.
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Table 4.5: Week 27 correlation table all locations
Week 27 Week 27 Week 27 Week 27 Week 27 Week 27 Week 27
Height (m) | 21/06/2018 | 22/06/2018 | 23/06/2018 | 24/06/2018 | 25/06/2018 | 26/06/2018 | 27/06/2018
Athens 205 -0.3514 0.5530 -0.4327 0.5136
288 -0.4094 0.4666 -0.4549 0.3227
Gdansk 205 -0.3630 0.3455 -0.4465 -0.2611
288 -0.4194 0.1645 -0.2312
Graz 205 -0.4050 0.0816 0.0895 0.4137 -0.1481 -0.0826 -0.3084
288 -0.4313 0.0203 -0.0067 0.4226 -0.2045 -0.1979 -0.3870
Kyiv 205 0.6195 -0.0079 0.1217 -0.0904 -0.4320
Marseille 288 0.2212 0.2307
Reykjavik 205 -0.4418
288 -0.4359 0.2215

These can also be represented as the correlation values in a table with a colour-coded
scheme for the negative and positive sides in table 4.5 The generation of both technologies
over the course of week 23 of 2018 is shown below this is considered a bad week across the
locations. Athens, Kyiv, and Marseille all show stronger positively correlated days during the
week. While Gdansk, Graz, and Reykjavik all have stronger anti-correlated days during the

week.
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Figure 4.22: Week 23 correlation all locations at 285 m
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Table 4.6: Week 23 correlation table all locations

Week 23 Week 23 Week 23 Week 23 Week 23 Week 23 3
Height (m) | 24/05/2018 | 25/05/2018 | 26/05/2018 | 27/05/2018 | 28/05/2018 | 29/05/2018 | 30/05/2018
Athens 205 0.6493 0.5839 0.1773 0.0498 0.4848 0.4608 0.6495
288 0.5799 0.5698 0.0298 -0.0937 0.3177 0.3712 0.5090
Gdansk 205 -0.1612
0.1044
Graz -0.0228 0.3442 -0.3023
288 -0.0183 0.2652
. 205
Kyiv 288
Marseille 205 -0.3010 0.4081
288 -0.3469 0.4224 0.1537 -0.1288 0.0443 0.2181 0.0035
Reykjavik 205 -0.1598 | -0.4462 0.5021 0.1616 0.2823 0.2863 -0.1435
288 -0.0625 -0.3989 0.5149 0.2093 0.3572 0.0734 -0.1695

A short statistical analysis of the PCCs is displayed in table 4.7. The final results were split
by quarters based on solstice dates as those accurately show the whole year in a compressed
view. The amount of anti-correlated days that are smaller than -0.40 range between 16% up
to nearly 45%, while correlated above 0.40 from 7% to 31%. Q4 has the lowest anti-correlated
potential on average and Q3 is the highest with Q1 in a close second.

Table 4.7: Quarterly correlation percentages to meet minimum hybrid requirements

Q1 Q2 Q3 Q4

<-040 | 040< | <040 | 040< | <040 | 040< | <040 | 040<
Athens | 27.78% | 15.00% | 26.63% | 20.65% | 18.48% | 30.98% | 22.53% | 14.84%
Gdansk | 37.22% | 7.22% | 36.96% | 7.61% | 32.07% | 16.30% | 17.58% | 15.93%
Graz 31.67% | 13.33% | 35.87% | 14.13% | 38.59% | 9.24% | 18.13% | 13.19%
Kyiv 38.89% | 7.78% | 29.89% | 11.41% | 44.57% | 13.59% | 24.73% | 14.29%
Marseille | 38.33% | 12.78% | 26.09% | 14.67% | 39.13% | 11.41% | 21.43% | 12.64%
Reykjavik | 23.33% | 11.11% | 28.80% | 24.46% | 30.43% | 15.76% | 15.93% | 14.29%

Location

While all the locations differ significantly geographically, the correlation coefficients all stay
in a similar range. Based on table 4.7 Gdansk, Kyiv and Marseille meet the minimum correla-
tion requirements for a hybrid-suited location in Q1. Q3 also shows the same anti-correlation
strength in Graz, Kyiv, and Marseille. The overall energy generation varies slightly for all
locations except for Athens, which is significantly lower than the average. However of the lo-
cations with strong PCC availability, only Graz does not meet the energy generation minimum
of 600 MWh/yr, this can be remedied by installing more capacity for either or both resources.
Marseille has the strongest solar generation of the three final locations, with most of the con-
figurations relying on the wind as the primary generator. The configurations are considered
as co-located as there is a geographical link between generators. The method of evaluation
does not consider an operational link between the solar panels and the kite, therefore the plant
is not yet a full hybridisation. Full hybridisation means that the generation techniques affect
each other, and would be explored more in the functional sizing of a hybrid plant.



Conclusion

The purpose of this research was to determine the critical factors and to what extent they affect
the selection of a feasible location for an AWE-PV hybrid power plant. Generating a model
in MATLAB uncovered the relationship between the resources and energy potential as well
as the correlation of a co-located system. One location served as a test case to evaluate the
whole system in depth, followed by a comparison with other sites to determine the influence
of differing geography.

5.1. Key Outcomes

The results from the Marseille case concluded that wind speed and solar irradiance were more
often negatively correlated, with more than 50% of the daily PCC values throughout the year
being less than -0.36. The optimal times are in the first and third quarters of the year. The
other locations also showed similar trends with Q1 and Q3 having a higher overall amount of
desired PCC for the daily values between wind and solar during 2018. Using the solstices
rather than the calendar to mark the quarterly time periods creates a connection between the
temporal constraint with the behaviour of one of the two measured natural resources. The aim
was to minimize the unrelated variance between resources over different time periods. The
seasonal variation was the largest timescale exhibiting a reasonable amount of anti-correlated
instances however the weekly and daily time periods allowed for much higher PCC values, in
both the positive and negative directions. The association between the energy generated and
PCC turned out to be almost unrelated, therefore the deciding factor for hybrid locations relied
primarily on the relationship between the correlation of resources over time.

The research done before the creation of the model found that airborne wind technology
is a newer industry concept and therefore has not been considered in a multi-technology use
situation.

Marseille showed that with the control configuration, the amount of energy generated
meets the minimum requirements for all heights. AWES is generating at least 60% of the time
over all five years and is the primary generator with solar acting as a supplementing power.
To create an ideal situation the plant location should install more solar to create a balance of
generation between the two resources.

It is also still debated whether AWE systems or wind turbines have a higher generating
potential. However, there are many undisputed benefits that AWE hold over HAWT systems,
therefore exploring futuristic set-ups such as hybrids would benefit from further research. The
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average hub height for HAWT is 94 m [42], therefore the 100 m results will represent other
wind energy technologies. There is a large difference in trends of wind speed between the 100
m height and the others. There is an exponential difference in the energy potential from the
operational heights of 100 m to 200 m, after that the increase is more linear. When comparing
the two maximum heights there is less than 2% difference between the AEP’s and the two
lowest heights on average have more than a 15% increase.

When evaluating the results over all the sites, only two locations met the minimum energy
requirements in Q1 and Q3, Marseille had the closest generation output of solar and wind
energy, while Kyiv had a larger percentage of anti-correlated instances and energy generated.
Gdansk also had a higher overall energy output compared to Marseille, but a lower correlation
relationship during Q1 and Q2. In general, the number of resource correlated instances was
slightly higher on an annual basis as opposed to the amount of energy correlation instances.

When evaluating the resource correlation and energy potential of the sites, related be-
haviours were attributed to geography differences. The northern and southernmost test sites,
Reykjavik and Athens, had the lowest correlation relationships and were unable to meet the
minimum energy demands. Athens was unable to generate enough combined energy to meet
the minimum threshold with the smallest AWE energy potential. However, it had the closest
rate of generation and the amount contributed by each technology of all the sites, meaning it
was nearest to a balanced 50-50 energy generation. The Reykjavik site showed great promise
for kite farms, but the low amount of solar made it an ineffective method of energy generation,
which might allow for a future hybrid system consisting of kite farms and hydro-power. A ten-
tative conclusion would be hybrid locations around Europe depend on a strong anti-correlated
relationship and higher energy output with minimal storage to said configuration would be best
suited to latitudinal ranges in the centre of the northern hemisphere.

5.2. Recommendations and Future Possibilities

To take this research a step further the model created in MATLAB should be rewritten into
python to ensure smoother integration between the ERA5 database. This can also allow for
the data to be used and inputted at a rate of three months behind the present, allowing for
the use of data bypassing the challenges of downloading it. This would also allow for the
exploration of past European areas.

A regression curve can also be introduced as a means of forecasting future generating
potential and the correlation. This would be more accurate in the prediction of future sites as
opposed to an averaged curve for modelling based on a few years of data. It would make
identifying the best height for generation potential clearer and closer than to the 100th place.

The current model uses the 100 kW Falcon, however, in the future a 500 kWh kite will be
finalized for commercial use and then it must be upscaled to take the new technology into
consideration.

The final step that was not completed during this project was creating a user-friendly map
with the geo-data showing the potential and energy generation. This was briefly explored
using the ArcGIS software, however, just the raw data had already overloaded the computing
capacity of the resources used. Screenshots from the attempt can be found in D. An alternative
method could be to use google earth and a cloud service instead.
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Discover the Great Advantages
of Kitepower

Integrate Kitepower into Avoid idle generators
g p & save diesel off-the-grid

your micro-grid with solar

When integrating Kitepower in combination with

PV and batteries to reap the batteries, diesel generators can be switched off

benefits of smart h\/bmd completely. Hybridizing with Kitepower results in
X less diesel consumption for more clean energy,

energy gene ration. culminating in considerable financial savings

even for areas that don't experience consistent
high wind speeds.

Find out more about Kitepower’s competitive advantages
when compared to solar PV or traditional wind turbines.

T e Energy throughout 24 hrs

o * C

O,

Hurricane Installation
P Time
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Appendix A

Electricity Generation 24/7

Produce electricity during day,
night, on cloudy and rainy days

High Energy Production

Higher capacity factor than solar
PV and wind turbines

Easy to Transport

All equipment fits in one
20ft container

Deployable in Harsh
Environments

Ideal for remote locations

Plug & Play

Install it in less than 24hrs
and operate it out-of-the-box



Introducing The Kitepower Falcon

Taking Only the Best from Wind Turbines

PROBLEM

Conventional wind energy systems rely on electricity
generation by means of wind turbines installed on the
ground. Wind turbines, therefore, require resource
-intensive towers and heavy foundations thus imply
ademanding transportation and installation process
while ultimately being able to only harness less frequent
winds at lower altitudes.

Difficult logistics limit the geographical versatility of
wind turbines while their constrained height limit their
efficiency. This results in unsustainable diesel supplies
needed for most of the remote off- and

micro-grid applications across the globe.

SOLUTION

Kitepower develops cost-effective alternatives to
existing wind turbines by using kites to generate
electricity.

Kitepower systems do not require resource-intensive
towers nor heavy foundations and is thus easy to
transport and deploy. The system is able to harness
stronger and more persistent winds at higher altitudes,
allowing for higher capacity factors than traditional wind
turbines and solar PV while being easier to transport,
install and maintain. Moreover a Kitepower system is.
also able to start generating electricity with lower winds
speeds than the ones required by windmills.

Introducing The Kitepower Falcon

Continuous Pumping Cycle Operation

The electricity generation works in two phases, which repeated in continuous cycles

result in positive net energy output

L L
a0 .
Z, PHASE 1: REEL-OUT v,
& Bl P
Production
= =

During the first energy production
phase the kite is flown in a cross-
wind figure of eight pattern to
achieve a high pulling force and reel
outthe tether from the winch in the

ground station phase

.#JV

20% t
——

PHASE 2: REEL-IN

Energy
Consumption

When the max tether length is
reached, the kite's profile is adjusted
in order to reel-in the tether with
low force, using a small fraction of
the energy produced in the previous

ea— ™

Power (kW)

0 25

3

400m

[t -

100 kW
Most frequent 9 25
Wind Speed (m/s)
CYCLE
130 kW
100 kw +
Power
Output
L — 0kw s

(kwh)

Battery
Level

O

The reported power values are electrical

The Kitepower Falcon:

* Has asingle cycle duration of 100 seconds
= Produces 130 kW 80% of the cycle's time when in Reel-out
» Consumes 20 kW 20% of the cycle's time when in Reel-in
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Introducing The Kitepower Falcon

System Components & Space Requirements

~

Kite

Consists of an inflatable membrane wing with
reinforced tubular frame, forming the best com-
bination for a strong and lightweight wing

Kite Control Unit (KCU)

Used to steer the kite, control its pulling force
and wirelessly connect the sensor unit placed on

the kite to the GS

Tether

Dyneema® line for a lightweight and strong
connection between the kite and the GS

Ground Station (GS)
Converts the mechanical energy of the kite into
electrical power and reels the kite in by using

the generator as a motor.

>
-

Zone Dimensions Dual Land-use’

. Restricted Zone 30mir)
Flight Zone 300m{r) v
Potential Flight Zone 300mr) v

% Safety Buffer 400 m (r) v

7 "

% Landing Zone 100 m (r)

. Launching Corridor 150x2m

. Launch Pad 24x12m

Obstacles’ height within operational envelope:
1m allowance every 10m of distance from the GS

Land can be used for alternative activities while Kitepower is deployed.
(r} = Radius

The @

Kitepower KiTepower
Falcon

Technical Summary

General Information

Nominal Power Output’ 100 kw
Yearly Power Output 450 MWh/year
Rated Wind Speed 7 m/s
Cut-in wind Speed 2m/s
Max Operating Wind Speed 15m/s
Min Launching Speed 5m/s
Airborne Wind Range 0-25m/s
Max Flight Altitude 300m
Ground Space Required? (radius) 300m

" Power output potential might differ depending on the kite variant
?The ground space must be free of obstacles
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Kite Power Curves

Variant V9.60 _ Power (kW)

Size flat (m?®) 60 m* 120

Size projected (m?) L7 m? 100

Force (t) 35t

Lifetime (hours) £4000h 80

Avg. Flight Speed (km/h) 110 km/h

Air Traffic Lights v 60

Airborne Pump v )

Field Pump v 40

Sensor Unit v 20

Kite Bags v

Safety Line Vv 0

Landing Protection v

Safety Attachment Points v 20

Parachute Landing v 0 2 5 10 15

Wind Speed (m/s)

KCU Ground Station

Weight 23kg Main Dimensions W:2,46mH:260mL:606m

IP Rating P65 Weight 96t

Wireless communication link 2 km IP Rating P64

Built-in Alarm 390 dB Lifetime 25 years

Airborne Power Supply v AC Power output 400V AC 3 phase

Protective Cover v DC power output 550-700V

Air Traffic Lights v Nominal Power 100kW

Airborne Wind Turbine v Peak Power 120 kW AC / 250 kW DC

Protection Cover Vv Connection mode Power lock or screw terminals

Safety Release v Built-in Alarm 90 dB

Health Supervisor v Launch Unit V
Safety Emergency Stop v
Health Supervisor v

Tether

Type UHMWPE Dyneema®

Length (default) 450 m + More information can be found within The Kitepower Faicon 100k

Passive Safety Release v Technical Specification Document.

© 2020 Kitepower Airborne Wind Energy - A Enevate BV Company. All rights reserved.

This document was created by Kitepower on behalf of Enevate BV and contains copyrighted material, trademarks and other proprietary information. This document or parts thereof
may not be reproduced, altered or copied in any form or by any means without the prior written permission of Enevate BV. All specifications are for information only and are subject
to change without notice. Enevate BV does not make any representations or extend any warranties, expressed ar implied, as to the adequacy or accuracy of this information. This
document may exist in multiple language versions. In case of inconsistencies between language versions the English version shall prevail. Certain technical options, services and
system models may not be available in all locations/countries.

Figure A.1: Kite Power Brochure
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SOLAR'S MOST TRUSTED

REC TWINPEAK 4
SERES

PREMIUM SOLAR PANELS
WITH SUPERIOR PERFORMANCE

REC TwinPeak 4 Seriessolar panels feature aninnovative
design with high panel efficiency and pawer output,
enabling customers to get the most out of the space
used for the installation.

Combined with industry-leading product quality and
the reliability of a strong and established Furopean
brand, REC TwinPeak 4 Series panels are ideal for
residential and commercial roaftops worldwide.

FEATURING REC’S PIONEERING
TWIN DESIGN



62

REC TWINPEAK 4 SERIES

PRODUCT SPECIFICATIONS

GENERAL DATA . 1755425 (69.1020.1]
e 28[11] - 845 [3327) _—
Celltype: 120half-cutmono c-Si p-type cells, be I .
Bstringsof 20 cellsinseries
= 156[6.14]
Glass 3.2mmsolar glass withanti-reflective surface treatment r 1100 [433] +
inaccordance withEN 12150 =
Backsheet: Highly resistant polymer 55:02
Frame Anodizedaluminum(black) ? 022001
' withsilver supportbars 3 &
£ = m &
. 3-part, 3bypass diodes, lead-free n 9 o
Junctionbox IPB8rated, in accordance with |EC 62790 é § §
= o 11202
Staubli MC4 PV-KBT4/K ST4 (4 mm?) 3 ps3zon
Connectors: \naccardancevj\:hlEC £2852,IP6B unlywh:\n connected i
4mm2solar cable, 11 m+1.2m 505 1200(47.2) =
Cable: inaccordance with EN 50618 g lozaoxogu Q
Dimensions: 1755 x 1040 30 mm (L83 m?) } 1 [ree it
i+ =7
Weight 200kg M " 508 22509 6381251 20.04] }
Origin Madein Singapore b Measurements in mm[\nj jrora
ELECTRICAL DATA Product Code™: RECxxxTP4 CERTIFICATIONS
Power Qutput - P,y (Wp) 350 355 360 365 370 375 IEC 61215:2016, IEC 61730:2016, UL 61730
IEC 62804 PID
Watt Class Sorting - (W] 0/+5 0/+5 0/+5 0/+5 0/+5 0/+5
att Class Sorting (W) " I " N o "~ IECE1701 Salt Mist
Nominal Power Voltage-V, ..(V) 333 ZEE 339 343 347 s IEC62716 Ammonia Resistance
o Nominal Power Current-1,,_. () 10.58 10.60 1062 10.65 10.68 10.72 150119252 Ignitability (Class E)
& IECE2782 D Mechanical Load
Y OpenCircuit Voltage - Vo (V) 403 405 406 40.8 410 412 T Secinaie Les
- . IEC 61215-2:2016 Hailstone (35mm)
Short Circuit Current-1.(A) .10 119 .26 n.3z2 .38 11.45 15014001, 150 9001, IEC 45001, IEC 62941
Panel Efficiency (%) 191 19.4 187 20.0 203 205 . O c € IE take @way
PowerOutput-P,,,, (Wp) 264 268 272 276 280 283 e
Nominal Power Voltage-V, ..(V) 310 313 3.7 321 325 327
TEMPERATURE RATINGS™
Nominal Power Current-1,,_.. (A) 854 B8.56 B8.58 8.60 863 8.66
5 Nominal Module Operating Temperature:  44.6°C (£2°C)
S OpenCircuit Voltage -V, (V) 38.0 381 382 382 384 386 . 5
= r—— T e " s - S T Temperature coefficientofP,,.: -0.34%/°C
t t b=llz L ) " X
S ) Temperature coefficient of V- -0.26%/°C
Values at standard test conditions (STC: air mass AM 15, iradiance 1000 W/m?, temperature 25°C), based ona production spread witha o
tolerance of B,,,,, V. &l *3%withinone watt class. Nominal module operating temperature (NMOT. air mass AM 15, irradiance 800 W/m?, Temperature coefficient of |- 0.04%/°C
temperati ureZD“C,wmdspEedlmfs] *Where xxxindicates the nominal power dass (P,,,,) at STC above N . - N
The temperature coefficients stated are linear values
MAXIMUM RATINGS WARRANTY DELIVERY INFORMATION
Operational temperature: -40..+85°C Standard  RECProTrust Panels per pallet: 33
Max?mum systemvaltage: WDDDVq P:E%i%gﬁ?;%%fessmnat No Yos Yes Panels per 40 ftGP/highcube container:  858(26pallets)
Maximum test load(front): +7000Pa (713kg/m?) SystemSize Al <25KW 25-500kW Panels per13.6 m truck 024 (28 pallets)
Maximum test load (rear) -4000Pa(407kg/m32) Product Warranty [yrs) 20 25 25 Panels per 53t truck 924 (28 pallets)
Maxseries fuse rating: 25A  Power Warranty (yrs) 25 25 25
Maxreverse current: 25A  Labor Warranty(yrs) 0 25 10 GG VDD -
Seeinstallation manual for maunt m[gms tructions. Power inYearl 9%  98% 98% Typicallow irradiance performance of module at STC
Designload=Test load /1.5 (safety factor) Annual Degradation 05% 05% 05% ;
Power in Year 25 86% 86% 86%

Available from:

Foundedin1996, REC Groupis an international pioneering solar energy company dedicated to empowering consumers with clean, affordable solar power. As
Solar's Most Trusted, REC is committed to high quality, innovation, and a low carbon footprint in the solar materials and solar panels it manufactures.
Headquarteredin Norway with operational headquarters in Singapore, RECalso has regional hubs in North America, Europe, and Asia-Pacific

See warranty documents for details. Conditions apply

Rel. Efficiency (%)

* adiance (W)

REC

Www.recgroup.com

Figure A.2: Solar Panel Specifications

Specifications subject to change without notice

Ref: PM-D5-T1-04-Rev- E 0622
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(a) Hourly wind speed from 2017-2021 at 107 m
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(c) Hourly wind speed from 2017-2021 at 288 m
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(b) Hourly wind speed from 2017-2021 at 205 m
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(e) Hourly wind speed from 2017-2021 at 501 m

above Marseille AWERA

Figure B.1: Hourly Wind Speed in Marseille all heights using AWERA curvefit
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Figure B.2: 3D graph of wind speed Marseille 2017 to 2021 using AWERA curvefit

1

Wind Speed (m/s)

Wind Speed (m/s)

4

?Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Time (hrs)

(a) Hourly wind trends from AWERA

curvefit 2017-2021 Marseille 107 m

10 T T T T T T T

Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Time (hrs)

(b) Hourly wind trends from AWERA
curvefit 2017-2021 Marseille 205 m

9

—

4

Wind Speed (m/s)

10 —————
o

~

)

o

IS

@

r

0
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Time (hrs)

(d) Hourly wind trends from AWERA
curvefit 2017-2021 Marseille 385 m

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Time (hrs)

(e) Hourly wind trends from AWERA
curvefit 2017-2021 Marseille 501 m

Wind Speed (m/s)

0
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Time (hrs)

(¢) Hourly wind trends from AWERA
curvefit 2017-2021 Marseille 288 m

10

Z\A\/\M\/

106.54m
205.44m
287.52m

385.16m
500.95m

2018 2019 2020
Time (hrs)

(f) Wind trends all

0 I
2017 2021

Figure B.3: Trend lines for five geometric heights of wind speed above Marseille using AWERA curvefit
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